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Provision of adequate lateral stiffness against the 
lateral lo<?uds due to wind, earthquake and bloat effects is one 
of the important aspects of the design of tall buildings, The 
vertical reinforced concrete shear v/alls have been found to be 
one of the effective mocins of resisting the lateral loads. The 
recognition of the interaction between the walls and the frames 
in tall buildings results in an economical design of shear walls 
The shear v/all and frame system could he analysed as a planar 
structure, when the walls and the interconnected frames are 
arranged in a reasonably symmetric manner in the floor plan. 

In the present work, shear wall v\^ith interconnected frame is 
analysed as a planar structure using an iterative scheme. 

In the iterative procedure, an initial deflected shape 
is assumed for the shear wall arid the corresponding displacement 
of the points of coniiection on the shear wall with the frame 



are taken as the initial values of the iteration cycle. The 
frame interaction forces (moments, lateral and vertical forces) 
required to cause the above assumed displacements of the wall 
on the frame are evaluated. These interaction forces are reversed 
in direction, applied on the shear wall and the corresponding 
displacements are computed. The algebraic sum of the displacements 
of the wall caused by the total lateral loads and the interaction 
forces are taken as the basis for the next iteration cycle. The 
displacements for the next cycle of iteration are obtained by an 
extrapolation technique. The iteration cycles are carried out 
till a required convergence of all the displacements between the 
initial and end values in the iteration cycle is obtained. 

The solid shear wall fixed at the base behaves essentially 
as a cantilever beam since the height of the wall is large as 
compared • to the width. Hence the solid shear wall is analysed 
by beam theory. It can be expected that the shear wall having 
openings upto certain sizes in each of the storeys also behaves 
as a cantilever. The finite element method is used to determine 
the limiting sizes of openings upto which the behaviour of the I 
wall could be predicted based on beam theory. Rectangular ele~ j 
ments with two degrees of freedom have been employed in the 
application of the finite element, analysis to the shear wall. 

Walls with one row of centrally placed openings of the same size 
in each of the storeys are considered in the present work. It 
is found that the width of the openings in addition to the 



overall sizes, limits the applicability of beam theory to the I 

= i 

walls. The finite element method used for the analysis of shear 
walls indicates that walls with openings of sizes upto about 
of 'the area of the wall could be analysed by the application ojf 
beam theory provided the width of the openings does not exceed 
5'Ofo of the wall._ 

A non-dimensionalised form of the stiffness method of 
analysis has been developed to evaluate the interaction forces 
on the frame when it' is subjected to a known set of displacements 
(obtained from shear wall analysis) at the points of connection 
with the wall. Flexural as well as axial deformations of the I 
■members of the frame are considered. \ 

4 

The influence of the relative stiffnesses of the wall 
and the members of the . frame en the Interaction forces between 
the .wall and the frame has been studied.. It is observed that the 
lateral interaction forces are very sensitive to the' changes in 
the relative, stiffnesses of the columns and' beams in the frame. 
Curves giving the interaction forces between the shear wall 
(with and without openings) and the frame, in terms of non- 
dimensional parameters are presented for a wide range of ratios 

f * 

of . the stiffnesses of wall to beam and column to beam. These 
curves would facilitate the design of frame and shear wall 
structures . • 



GHAPTER 1 
IHTR ODUGTION 


1 . 1 GENERA 

V/ith the increasing trend towards the construction 
of tall buildings, provision of adequate lateral stiffness 
against wind loads, blast effects and earthquakes has become 
one of the impoi’tant problems in the design of these structures 
The construction of reinforced concrete shear walls to act in 
conjunction with the building frames is one of the effective 
means of limiting the deflections due to lateral loads. The 
shear walls are interconnected to the building frames either 
directly or through floor diaphragms. 

Two or more shear walls lying in the same plane when 
connected to each other by means of slabs, are named as coupled 
shear walls. In many buildings, the shear walls interconnected 
to the frames lie in parallel planes and are distributed in a 
reasonably symmetric manner in the floor plan. In such cases, 
the shear wall-frame system is analysed as a plane structure 
after distributing the total lateral loads in proportion to the 
stiffnesses of the individual shear wall-frame systems, In the 
early stages of design of shear wall structures, it had been 
assumed that the entire lateral loads were carried by the shear 
walls, thus neglecting the interaction between the frame and 
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the wall. Some In-vestigators had replaced the frejne or 
the wall or both by equivalent simple structures and carried, 
out the analysis on these equivalent structures, Some (Others 
had made simplifying assumptions regarding the distribution 
of the interaction forces between the frame and the wall, 
along the height of the structure. However, due to the 
developments of improved methods of analysis and the evolu- 
tion of high speed electronic digital computers, more 
rational design procedures which discard many of the simpli- 
fying assumptions made in the past, have been developed to 
carry out the interaction analysis of shear wall-frame 
systems. Quite a few publications are available ior a three 
dimensional analysis of shear wall-frame structures consider- 
ing their spatial- interaction. Research has also been carried 
out to obtain knowledge about the stiffness contributions 
by the floor diaphragms connected to the shear walls, in 
resisting the lateral loads. 

1.2 REVOT OF LITERATURE 

The solid shear wall which in general extends 
throughout the height of the building, behaves essentially 
as a cantilever beam fixed at the base. Beok (1) and 
Rosman (2,5). analysed coupled shear walls treating them as 
eantilevers interconnected by a continuous elastic medium, 
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inatead of the discrete cannecting beams or slabs at floor 
levels. By considering the continuous medium to be cut 
along mid-span and setting up compatibility of deflections 
at the cut sections, a second order linear differential 
equation was obtained in terms of the shear force in the 
laminae. This differential equation was solved for different 
boundary conditions at the base of the coupled walls. Coull 
et al (4 >5, 6) adopted the same technique and presented 
curves useful for the design of coupled. shear walls. Many 
other investigations (7, 8j 9) 10, 11, 12, 13) had been 
carried out using the elastic continuum technique for 
coupled shear walls with more than one band of openings 
and to include the effects of variation of stiffness of 
wall along the height, differential settlement of founda- 
tions etc. 

Some investigators (14, 15, 16, 17, 18) had 
treated coupled shear walls as frames and employed different 
methods of frame analysis like the portal method, moment 
distribution, influence coefficients etc. The effect of 
large width of the column elements viz. the walls, was 
accounted for by assuming the ends of the beam between the 
face and geometric centre line of the walls to be infini- 
tely rigid. This idealisation is termed as /wide column 



frame analogy'. In 1963, Frisclimann, Prabhu and Toppler (H) 
used the method of influence coefficients to analyse 
this wide column frame, neglecting the axial and shear 
deformations of the members of the frame. In 196?) Jain 
and Chandra (15) used the flexibility method of frame 
analysts for coupled shear v/alls, considering the effects 
of axial and shear deformations of the walls. Gurfinlcel (16) 
analysed coupled shear vyalls using a generalised canti- 
lever moment distribution technique which automatically 
corrected for side-sway and required only tv/o cycles of 
iteration to obtain the final results. In 1968, Jenlcins 
and Bellamy (1?) analysed coupled shear walls with an 
eccentric band of openings by the stiffness method of 
analysts. In 1970 Schv/aighof er and Microys (18) suggested 
a modified method of wide column frame analogy in which 
finite values of area and second moment of area were used 
for the end sections of the beams embedded in the Vi/all to 
represent infinite rigidity, 

I'o obtain more reliable results regarding stress 
distributions, especially around openings, many authors 
had treated the shear wall analysis for lateral loads as 
a plane stress problem. Various physical diacretisations 
like grid analogy (19) > lattice model (20) , finite element 
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technique (21,22) as v/ell as mathematical models lilce 
line solution (2'^, 24) finite difference solutions (25) 
etc. had been used for the plane stress analysis. Hov^ever, 
this type of analysis, in general, involves large amount 
of computations, 

A large number of publications are available on 
the intei'action analysis of shear v;all and interconnected 
frames. In I960, Rosenblueth and Holtz (26) presented a 
numerical procedure of successive a^pj-^oxiraations in which 
the frame was rejjlaced by continuous springs and the wall 
acted as a beam on elastic foundation. An initial deflected 
shape was assumed for the wall and this was improved in 
the successive cycles of iteration to obtain the true 
deflected shape. In 1961, Cardan (27) evaluated the inter- 
action forces between the frame and the Vs^all, assuming that 
the interaction forces and the lateral Inads were distri- 
buted continuously throughout the height of the building. 
Axial deformations of the members of the frame and the wall 
were neglected and points of inflexion were assumed to 
exist at mid-span of beams and mid-height of columns. In 
1964, Goyal and Sharma (28) used the stiffness method to 
analyse multistorey frame with an interconnected shear 
wall. The rigidity of the beam between the face and the 
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centre line of the wall was assumed to he infinite. 

In 1964, Khan and Sharoanis(29) presented an 
iterative method for the interaction analysis of shear 
wall and frame systems. All shear v-alls were replaced by 
a single shear wall of equivalent stiffness and the frames 
were replaced by an equivalent single bay frame. The frame 
was rigidly connected to the shear wall by link beams at 
floor levels. The interaction forces consider’ed were the 
moment, lateral and vertical forces. The authors also disc- 
ussed the effects of torsional deformations of frames, 
foundation rotations, axial deformations of columns and 
the effective width of slab, acting along with the wall 
to resist lateral Iflads. Design curves also were presented 
to help in the selection of preliminary dimensions of 
shear v'all and members of the frame. In the same year, 
Clough, King and Wilson (30) presented an efficient stiff- 
ness method to analyse coupled shear walls, frames and 
combinations of frames and shear walls subject to lateral 
loads, Symmetric arrangement of shear walls in the floor 
plan and rigid floor translations v;ithoat rotations were 
assumed. The authors considered the shear walls as columns 
with finite width and their effects on girder end rotations 
were included. 
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In 1965, Gould (51) analysed combined shear wall 
and frame, by reducing the system to a cantilever loaded 
by external forces and restrained by linear and rotational 
springs at floor levels representing the frsjne. A fourth 
order differential equation in terms of the floor displace- 
ments v/as obtained as the governing equation a,nd this was 
solved by finite difference technique. In 1966, Parme (52) 
developed an approximate method of analysis of frames inter- 
connected with shear walls, by relating the total lateral 
load applied at ea,ch floor level to the displacements at 
that floor anid the two floors above and below respectively. 
Shear forces in the frame and the moments on the shear walls 
c?«t different levels along the height, were, presented in 
graphical form for a wide range of structural proportioixs 
of shear evall 8,nd frame. In 1966, Tezean (53) presented two 
different stiffness methods of analysis, the first an 
approximate and the second one rela/bivoly accurate for shear 
wall and frame structures, Rosman (34) replaced the shear 
wall by a flexural cantilever and the frame by a shear 
cantilever. Both these idealised cantilevers were assumed 
to be continuously connected by rigid laminae hinged at 
their ends. The analysis was carried out by setting up the 
complementary energy of the system and minimising it. 

Webster (35) presented a stiffness method of analysis of 
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shear walls with frames, considering the shear v/alls as 
deep columns, The author had extended the method to carry 
out the dynamic analysis of frames combined with shear Wcall. 

In 1966, Tha^dani (36) analysed multistorey frames 
with shear wa>ll, as an ordinary frame by both the flexibility 
and stiffness methods. The author considered the effect of 
shearing deformations for wall elements but neglected the 
effect of axial deformations, Tharna-nkar, Jain a,nd Remasamy 
(37) suggested the replacement of multistorey frame inter- 
connected with shear walls by tw'o cantilevers ~ one represen- 
ting the frame and the other representing the V7alls. The two 
cantilevers were assumed to be connected at floor levels 
by liiik beams such that the sum of the shear forces at any 
storey in the two cantilevers was equal to the tote.l shear 
acting on the building, the lateral displacements of the 
two cantilevers at any floor level were equal and the slopes 
in the ends of the link beams represented tha,t of the canti- 
levers, Consideration of the above system l.:d to a set of 
simultaneous equations as many as three for each floor with 
the end rotations of the linlc beams and storey shears as 
unlcnowns. In 1968, Chandra and Jain (38) presented an 
interaction analysis for shear wall and frame structure. In 
the first stage of the analysis, the lateral deflections a,nd 
average >storey. slopes of the frames and walls were computed 
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"by the twin cantilever method (37). In the second stage 
of the analysis, an iterative method was used to obtain 
the correct values of the slopes of different joints of 
the frame and thereafter the member end forces v/ere computed. 
In 1970 , Som and Narasimhan (39) presented a method with the 
assumption that the reactive forces between the frame and 
the wa.ll were continuously distributed al#ng the height. 

The group of shear walls and the frames were replaced by 
a single shear v^/all and an equivalent single bay frame. 

The interaction forces were obtained by minimising the strain 
energy of the frame and wall system, considering only the 
bending energy, Oakberg and V/eaver (4-0) presented the 
analysis of rectangular frames interconnected with shear 
walls, using a finite element model for the latter. More 
details regarding this work are discussed in Chapter 3« 

In 1968, V/inokur and Gluck ( 4 I ) presented a 
complete three dimensional discrete method to obtain the 
distribution of the lateral loads among the various stiffen- 
ing elements of the multistorey structure containing shear 
walls, when these elements were not arranged symmetrically 
in the floor plan. Each floor diaphragm was assumed to be 
rigid in its plane. The analysis was carried out on a basic 
space scheme composed of vertical resisting elements and 
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rigid floor diaphragms. In 1970, Gluck (42) developed a 
three dimensional continuous method of analysis for struc- 
tures consisting of prismatic or non-prismatic shear walls 
and frames, arranged symmetrically in plan. In this method, 
the frames were replaced by an eq,uivalent continuous medium 
Vkfith stiffness in the main direction only, the perpendicular 
and torsional stiffnesses being neglected. This continuous 
method was compared with some discrete methods and good 
agreement betv/oen the results was observed. 

Ohriss ( 45 ) presented a three dimeiisional analys: 
for shear walls and frames in building systems ba,sed on 
energy principles, This method could be used for arbitrarily 
a,rranged shear walls and frames a,s v/ell as for horizontal 
loads acting in different directions on the various faces 
of the v/all . The strain energy equations v;ere set up for the 
walls and the frames, considering torsional and translational 
displacements. On the applica/tion of the theorem of miniimrm 
total potential to the building system, the displacements 
of the different members of the system were computed as 
the solution of a set of linear simultanefus equations. The 
matrix formulation adopted in setting up the energy expre- 
ssions, offered convenience to program f*r a computer 
analysis of large structures. Heidebrecht ard Swift ( 44 ) 



have presented a generalised three dimensional stiffness 
method to ana.lyse shear wall structures. The structural 
system could consist of planar or non-plnnar shear walls 
distributed in an s.rbitrary manner and connected by beams 
or slabs at floor levels. The stiffness characteristics 
of the shear wall elements were established considering 
them as thin walled beams Including cross-sectional v/arping. 
Axis,!, flexural, shear and torsional stiffnesses of the 
floor bea,ms were included. Some publications (55, 45, 46) 
are available on the dynamic analysis of shear wall and 
frame systems. Research has also been carried out to unde^:-- 
stand the behaviour of the shear wall and frame systems in 
the inela.stic range (47, 48). A comprehensive survey of the 
literature on different aspects of the shear wall struc-r- 
tures is available elsewhere (49). 

1,3 SCOPE OE THE PRESENT INVESTIGATION 

The methods of analysis available for frame and 
shear wall with openings are very limited, In most of the 
analyses available for frame and selid shear wall systems, 
the wall has been modelled as a cantilever beam* The 
simplicity and the success experienced in the use of canti- 
lever model for solid shear wall suggest that even shear 
walls Vi'ith upto certain sizes of openings could be expected 
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to behave a.s cantilever? walls. To determine the limit iiif 
sizes of opening's upto y/hich the application of beam tl'a:.o:-/v 
could offer results relia.ble for practical purposes, a. 
more accurate method is required. The finite element nr. thou 
has been used for this purpose. An iterative method is 
employed to carry out the interaction amlysis of frame 
and shear v,',n,ll systems. The effect of the relative stiff - 
nesses of shear wall and frairx- on the interaction forota-i 
are studied. Curves offerinf.i the interaction forces betv'ceu 
the frame .and wall in tertas of dimensionless coefficien't;,'!! 
for a wide reinge of stiffnesses of shear wall <and frame 
systems in which shear v/all has openings, are presented. 

The intera.ction forces from these curves could be msed to 
Ctcrry out the design of the shear v.’all and the frsime 
independent of each other. 
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CHAPTER 2 

METHOD OF ANALY SIS 

2 . 1 GENERAL 

The shea,r wall and interconnected frame (Pig, 2.1) 
both lying in the same plane are analysed as a planar 
structure, when the shear walls are distributed evenly to 
some extent. The shear wall which has high lateral stiff- 
ness compared to the interconnected frame, influences the 
deflected sha.pe of the structure when subjected to lateral 
loads due to v/ind, earthquake etc. The analysis of the 
shear v;all and frame system is complete if the interaction 
forces between the frame and the wall a,re computed after 
satisfying the equilibrium and compatibility conditions at 
the connection points of the frame and wall. The frames 
are assumed to be rigidly connected to the shear walls at 
floor levels, and are fixed at base. The sheaf wall with 
or without openings has the same width throughout the 

height of the structure but may have different thicknesses 
at different storeys. The forces of interaction between 
the frame and the wall considered in the present analysis 
are (i) the shear forces, (ii) the axial forces, and 
(iii) the moments, as indicated in Pig, 2,2» Though the 




2(P) 
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method of an?,lysis discussed in the next section is 
used primarily for lateral loads applied at floor levels, 
it can be used with oqua,! convenience for the case of 
other types of external loa-ds viz. vertical loads and 
moments, acting at the joints in the frame along with 
the lateral loads, 

2.2 ITERATIVE SCHEM 

It is convenient to consider the shear wall 
and frame as two separate entities and carry out the 
analysis to satisfy the compatibility and equilibrium 
conditions at the points of connection between the v^'all 
and frame. An iterative method involving simple principle 
is employed for the interaction analysis. The accuracy 
of the results obtained by this method could be impr-oved 
by specifying strict convergence criteria. In this pro- 
cedure, to start with, the total lateral loads f^ acting 
at the floor levels, arc applied on the shear wall and the 
corresponding displacements viz, rotations (0), lateral 
translations (u) and vertical translations (v) of the 
wall at the points of connection with the frame are 
computed. The external load vector 
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121 




(2,1a) 


If 


In^ 


and 


fli " 


^0 


^li 


^0 y 


(2.1b) 


v^here P . refers to the lateral load at the i-th floor 
and 'in' is equal to the total number of floors (5'ig.2,1). 

'fhe displacement vector at the connection 
points of the wall, due to the total lateral loads 'f^' 
applied on the wall is, , 
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(2.2a) 


(2.2b) 


where and refer to the rotational, lateral 

and vertical displacements of the wall at the i-th floor, 

In the first cycle of iteration, an initial 
deflected shape is assumed for the shea-r wall with dis~ 
placements of the connection points given by 
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(?-.3a) 


(2.3b) 


To maintain compatibility of displacements between th.e 
wo.ll and the frame, the ends of the frame connected to 
the wall arc subjected to the same set of displacements 
’d„'. The interaction forces on the frame, required to 
deflect it along with the shear wall are computed as 
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(2.4a) 


(2.4b) 


where M P . and Q . refer to the moment, lateral 
Cl Cl ci ’ 

and vertical interaction forces at the i-th floor level 

respectively. To enforce the conditions ®f equilibrium 

at the points of connection of the frame with the wall, 

the interaction force vector *f ' is reversed and applied 

c 

on the shear wall. The displacements ‘d ' of the shear 
wall caused by the application of the forces j.f ' , 


are 
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ev8,luatecl , I'ho algebraic sum 'd ' of the displaroincmts 
’d^' and 'd^ ' of the shear wa,ll gives the final set of 
displacoraents of the iteration cycle. The iteration cycles 
are carried out till required convergence between the 
initial and final sets of displacements viz. 'd„ ' and 

O 

'dg', is obtained. When a reasonable guess for the initial 
deflected sho.pe of the wall could not be made, the displ- 
acement vector 'd^ ' corresponding to the free deflected 
shape of. the wall subject to the total lateral loads, 
could be used as initial set of displacements. The iter-'- 
tion scheme converges at different rates for different 
systems of frame and shear wall, depending on their rela.- 
tive stiffnesses. However, the cf>nvergence rate could be 
enhanced by using an extrapolation technique to obtain 
the initial values of the displacements for any cycle 
of iteration based on the displacements of the previous 
cycles. After the specified convergence criterion is 
satisfied, the interaction forces on the frame are given 
by the force vector * ot the last iteration cycle 
while the net forces on the shear wall are obtained as 
the algebraic sum of the force vectors corresponding to 
the applied external load 'fq^' and (i.e.) 

reversed in sense, V/ith the forces on the frame and shear 
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wall know3;i, the design of the frame could "bo carried out 
independent of that of the wa,ll, 

2.5 SHEAil WALL 

The solid shear wall in the multistorey huildlng 
has large height as compared to its width and acts essen- 
tially like a cantilever heam subject to loads at floor 
levels. The cantilever model for solid shear wall has 
been successfully employed by many investigators (29, 31). 
Hence, any one of the methods of beam analysis could be 
used to compute the deflections of solid shear walls. 

In the present study, the conjugate beam method (50) of 
analysis for the computation of deflections is employed. 

The shear deformations of the walls are included. While 
computing the deflections of the wall due to the inter- 
action forces acting at the points of connection vi/ith the 
frame, the vertical edge force, 'Qjl at any floor level 

(I'ig. 2.3) is 3"eplaced by an axial force of the value 
and a moment 'Q^ x w' about the cent roidal axis of 
the wall, where w is the distance of the centroidal 
axis from the line of action of Qj_. The vertical displa- 
cements of the shear wall edges are computed as the sum 
of the axial deformations due irer'the vertical loads assumed 
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to act at the centroid of the wall and the flexural 
displacements (0 x w) ca.used by the rotations '9' at the 
respective floor levels. 

liiany shear walls in practice have 
to accommodo.te corridors, doors, windows etc, ’iVhen the 
openings required are larger in size as in the case of 
corridors, the coupled shear walls consisting of tv/o or 
more separate cantilever walls connected to each other 
through slabs or beams at floor levels are employed. But 
the openings required for windows and other similar 
purposes, are of medium size, say, in the range of 15 to 
40 percent of the total area of the wall. To carry out 
the interaction analysis of frame and shear wall with 
openings, reliable methods of computing deflections of 
walls with openings are required. As a logical extension 
of the concept of analysing solid walls using the beam 
theory, the shear walla with openings of upto certain 

limiting sizes could be expected to believe as cantilevers 

'I 

for all practical purposes , .when subject to the inter- 
action forces. The applicability of beam theory to walls 
with openings of sizes exceeding the above limiting values 
would lea,d to erroneous results, as one of the main 
assumptions of the bejmi theory that the plane sections 
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remain plane after bending ie severely violated* To 
determine tiie limiting sizes of openings, the finite 
element method has been employed* Walls with different 
sizes of openings are analysed by the conjugate beam 
method and the finite element method and the results of 
displacements are compared* The dependability and the 
accuracy of applying beam theory to analyse shear walls 
with openings are determined based on the results of the 
deflections computed by the finite element method. In the 
present investigation, walls with centrally placed single 
band of rectangular openings (Pig. 2.4) only are considered. 

2 . 4 PRllffiS 

The method of analysis of the frame in the 
shear wall and frame system using the iterative technique 
is slightly different from the normal method of analysis 
of frames. That is, in the latter, the external loads 
acting at all the joints of the frame except at the 
supports are known and the displacements of these joints 
are required to be computed, while in the former, the 
displacements of the points of connection with the wall 
and the external loads applied at the remaining joints 
of the frame are loiovm and the interaction forces at 
the points of connection w.'ith the wall are to be evaluated , 



Hence, either the force or the displacement methods of 
analysis caxmot! • be applied directly. A modified stiff- 
ness method of analysis (discussed in Chapter 4) in 
which the known displacements of the points of connection 
of the fra,ine with the wall are elimine,ted from the final 
equations of equilibrium and a new set of equations are 
developed relating the known forces, and the unlcnown 
displacements of the remaining joints of the frame, 
has been used. This method offers convenience in program- 
ming for a computer and requires less memory space. Axial 
as well as flexural deformations of the members are 
considered both for the column and beam members of the 
frame. The variations in the cross-sectional properties 
of the members of the fraiae could be included without 
any difficulty. Any t^J-pc of external joint loads viz* 
moment loads, vertical and horizontal loads can be 
handled in this analysis. 



chapter 3 


FINITE ELE&IENT MET HOE - 


APPEIED_ TO SHE^ 


WALL 


3 . 1 GENERAL 

The finite element technique as applied to 
structural problems consists in the replacement of the 
actual structure by discrete elements v;^ith boundary 
foroGi3 concentrated only at the nodal points. In general, 
in the stiffness approach, compatibility conditions are 
satisfied all along the boundaries but the equilibrium 
is satisfied only at the nod;:xl points. In the stiffness 
method, first the individual element stiffness matrices 
are developed for each of the elements rolo.ting the nodal 
forces 3.nd displo-cements. These element stiffness matrices 
of all elements are combined to obtain the total stiff- 
ness matrix of the v/holo structure. The nodal displace- 
ments are obtained by solving the equa;fcions of equili- 
brium set up at the nodal points. The finite element 
method is versatile one to analyse structures v/ith compli- 
cated configurations and arbitrary boundary conditions. 

In 1956, Turner et al. (51) presented stiffness 
matrices for triangular plate elements assuming an uni- 
form state of strain throughout the element. They also 



27 


combined the stiffness Matrices of four triang'ular 
plate elements to obtain the stiffness nsitrix of a. 
qusdrila.teral element. 

Ill I960, Olough ( 52 ) analysed pl.ates v/ith 
concentrated boun.cl.ary loads and pla,tes with rcctaiifular 
holes as plane stress problems using the finite clement 
stiffness method. 

In 1963 , Melosh (53) discussed the development 
of stiffness matrices for pla^te elements using a displa- 
cement function and set up criteria for the selection of 
suitable displacement function so as to get monotonic 
convergence of finite element solutions. 

The finite element method has been employed 
to analyse shear wall structures treating them as plane 
stress problems (21, 22, 40, 54). The application of the 
finite element technique to shear vja.ll problems has 
been useful to include the effects of boundary columns, 
va,ri;vbions in the eltistic properties of the wall along 
the height c^ind to a,nalyse the V7 rails with openings. 
Girijavallabhan ( 2 I ) analysed coupled shear walls using 
the finite clement stiffness method. The author used 
both rectangular and triangular elements. It was observed 
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method of substructure eriployed by the authors required 
rele.tirely less storage in the computer for the analysis 
of large structures. 

In 1970, Smith, Thorhurn and Tinch (55) made 
use of a readily available computer program for the 
analysis of shear wall v/ith openings, to find the effect 
of stiffness changes in the piles supporting the shear 
wall, on the stresses in the wall . Triangular elements 
vi'ere used in this analysis, Dickson and Nilson (56) 
analysed celluloa- buildings consisting of vertical rein- 
forced concrete walls and interconnected horizontal floor 
diaphragms, using the finite element technique, Rectan-* 
gular plane stress elements v/ith two degrees of freedom 
per node v/ere employed. The inpl<ane deformations of both 
the wall and floor diaphragms -were considered, 

5.2 EDETilERT STIPEKESS f.lATRIX 

In the present study o. rectangular finite 
element (Pig, 3.1) with two degrees of freedom per node, 
one corresponding to the vertical translations (vj^) a.nd 
the other corresponding to the horizontal translations 
(Uj^), is used. The corrosponding nodal actions *f ' are 
shown in Pig, 3,2. 
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V(x;y/:r) 



u (x,y, d: ) 
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T 

Nodal displa.cenent V(3ctor cl = ijcl^ d^ d^ dg| 

( 3 . 1 ) 

T 

Nodal force vector f = |f-| 

( 3 . 2 ) 


The follovi^ing two displacement functions 'u' representinr 


the horizontal translations and 'v ’ representing: the 
vertic:al transla-tions at r.ny point in the element are uBe:'. 

u = — [ (x - a/2)(y - b/2) d^ + (x + a/2) 

(1/2 - y) d^ + (x + a/2)(y + 13/2) 

+ (a/2 - x)(y + b/2) cl^J 

( 3 . 3 ) 


[ (x - a./2)(y - b/2) d^ + (x + a/2) 

(b/2 - y) d^ + (x + a/2)(y + b/2) 
dg + (a/2 - x)(y + b/2) dg ] 

( 3 . 4 ) 


(i.e.) fu' 

,v 


= [ a] i(a)i 


( 3 . 5 ) 


where 


[ Q] = 


C., 0 Cg 0 0 0 

0 Ch 0 Cq 0 0 ^ 0 c 


n 


J 
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and 


(x - a/2) (y - b/2) 


ab 


(x + a/2) Cb/2 - y) 


ab 


(x + a/2) (y + 1 d/ 2) 
ab 


'4 


(a/2 - x) (y + b/2) 
ab 


These displacement functions are linear functions of 
the nodal displacements and satisfy the ooinpatihility 
conceit ions for the state of plane stress throughout the 
element, Further, as the displacements along: any element 
edge are functions only of the displacements of the nodes 
at the ends of that edge, conpatihility between adjacent 
elements would be maintained. The straan components for 
the state of plane stress are given by 
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( 3 , 6 ) 
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UBing eq. (3.5) and rev/riting eq. (3.6), 


e = 
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ax 

0 
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ay 

a 

Bx 


fl 


R Q cl 


(3.7) 


where 
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The stress vector 'cr’ is given by 




cr = <! <57, ^ = 
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(5.8) 



From eq. (3.7) and eq. (3.8), 
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(3.9) 


The element ratiffness matrix 'k/ relates the nodal 
displacements and the corresponding nodal actions as 

kd = f (3.10) 


The finite element with an arbitrary set of nodal 
displacements 'd' and corresponding nodal actions 'f is 
subjected to a set of virtual nodal displacements 6d. 
The external virtual v/ork done hy the nodal actions 'f ' 
should be equa.l to the internal virtual work which is 
equal to the change in strain energy of the element. 

The external virtual work done 
T 

- f 6d 


5W 


(5.11) 
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The strain components corresponding to the set of 
virtual nodal displacements "dd" are 

ae. 


66 = i 


X 

!>■ 

y 

ar 
xy 




(3.12) 


The change in the strain energy per unit volume of the 
element 


T 

=: 66 


(3.13) 


where CT is the stress vector corresponding to the 
nodal displacements *^1”. Total change in strain energy 


for the whole element with uniform thickness 't', 

a/2 VZ I , , 

5E = t / f <r 66 dy dx (3.14) 

-a /2 -13/2 

Using-; eqs. (3.7) and (3.9) and rewriting eq. ( 3 , 14 ), 

6 E = t / / d^' RQ 6 d dx dy (3,15) 

Prom eqs , (3.10) and ( 3 . 11)5 

6 W = d^ 6 d (3.16) 

But 6 W = 6 E (3.17) 

(i.e.) d^ 6 d = t / / d® P^ RQ 6 d dx dy (3.18) 
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As the nodal displa.ce-nents are not functions of 
X and y , the identity (3,18) can he written as 


6d == d*^ t [/ / R Q dx dy ] 6d 

(3.19) 


Hence, 

k^ = t / / R Q dx dy (3.20) 

The evaluation of the integral in eq. (5.20) gives all 
the coefficients of the element stiffness raatrix. For 
the rectangular element with two degrees of freedom per 
node, using the displacement functions eq. (5*3) and 
eq. (3.4-), the element stiffness matrix is evaluated from 
eq. (3.20), The complete element stiffness matrix for 
this element is shown in Table 5.1. This matrix is 
symmetric as required by Maxwell ’'s theorem (57) of reci- 
procal deflections, 

> 

3.3 GENERATION OF STRUCTURE STIFFNESS MATRIX 

The shear wall is divided into a large number of 
rectangular finite elements as in Fig, 3.3. The horizon- 
tal division lines are numbered starting from the bottom 
of the wall, while the vertical lines of division are 



TifflUi -5,1 

ELEfifIM!]} STIEEt^ESS lUSKTX 


04 

cv ^ 

rQ Ci5 

o.-" r 

Ctf 1 


CM 

f-! 

CM p 

c 5 fro 

CM 


jp 

P, 


(d 

1 CM 

<d 

lA 

1 



CMi 

CM jp 

03 9 

CM 

p 


P 

CM 

I rQ 

CM tl 3 


CMI 

CM p 
P ^ 
M- tA 
CM 

cd 


CM ' I 
cd 1 

CM j 

'ch 

r 


p 

-j- p 
CM ^ 
Cd 


CM 

R 

4 - bA 
CM 

P. 1 


CM CM 
U 9 




/- — » 

CM 


CM 

R 

P 

R 

CM p 

CM 


Cd (d 

tA 

i 

4 tA 


■r- 

CM 


R 

CM 




p scd 

.+ 


R CM 


CM CM 


^ in 

j ra 


p Ip 
4 ' t cd 


cd 

CM 

I p 
CM (d 
R tA 


cd cd 


CM j 
P 

CM 

'«!§ 

r 

cd 


CMi(d 

R kA 


CM 

.R 

CM 

Cd jp 
CM ^ 


where = V j ~ ~V)/^* 



FJ.G . > Smm M^ D BY ; RECTAIMGBL AH 

FINITE ELEMENTS 



59 


numbered from lefb to right. It is assumed that there 
are M~nodes along the height of the wall and N~nodes 
along the width. Considering a typical node i j (Pig.5.3): 
the equilibriujii conditions are set up at this node. 

The exterruil load vector at this node is 


id ij ' fp' 


( 3 . 21 ) 


I 




The sum of the nodal forces of all the four elements 
meeting at the node ’i .j ' is 

" i3 

Por equilibrium at the node ’ij’, 



= Mu 

The nodal force components in Eq, (3.22) are expressed 
in terms of the nodal displa-cements of the respective 
elements meeting at ' i j using the element stiffness 
matrices. So Eq, (3.23) is rct'^ritten as, 
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1-^1 ^ 
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+ ■[ D7 D8 D9 ] J cl 




i+1 



(3.24) 


v^^here D1 to D9 arc (2x2) sub-matrices obtained iron 
tbe stiffness matriqes of the elements meeting at the 
node ’ijS 

cement vectors at the nodes (i, d-1 ) > (IjD) (i>d+'0 

respectively. Equilibrium conditions generated for all 
the nodes lying in the i-th rov/, offer the following 
set of equations 




(3.25) 


where 
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TliG matrix is obtained from the stiffness 

matrices of all the elements that lie just below the 
line ‘i's [] C 3^ 4s formulated out of the coefficients 
of the stiffness matrices of the elements just above the 
line 'i' while B 3 is composed from the stiffness 
matrices of the elements Immediately above and belov;/ the 
line 'i^. In the development of the Eq^, (3.25)? it can be 
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obaervec'. that, 


I 




i+1 


(3.26) 


where the superscript ’T' stands for the tra-nspose of the 
matrix. So, Eq. (3.25), representing the equations of 
equilibrium for eJl the nodes in line 'i' car. be written a0 



Matrices A and B are of order* (2N x 2N) v/liile d^ and. f^ 
are of order (2N x 1), 


Setting up the equilibrium conditions for all the 
nodes lying in each of the ’M' rows, offers the set of 
equa,tions given below , 
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(i.e.) K„ dg = (3.29) 

to b 

where K„ , the three bancecl raatrix i& the structure 
stiffness na,trix, d is the displacement vector of all 
nodes, end f„ is the load vector of external forces acting 
at all the nodes , 

The stiffness matrix K is singular because 
rigid body displa.cenients are not excluded. The inclusion 
of proper boundary conditions which would prevent any 
possible rigid body movements in the structure, mahes the 
stiffness matrix non-singular. It is assumed that the., 
vertical shear wall is fixed at base and hence all the 
displacements of the nodes in row 1 are zero. Consequently > 
the structure stiffness matrix K„ gets reduced to 

to 
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(3.30) 
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A nethod of for'A^arcl Glimina.tion and 'back’.vard 
substitution (58) is used to solve for the nodal displa- 
conents in Eq. (3.50). This procedure ttikos a-dva^ntage 
of the banded property of the reduced stiffness matrix 
and avoids the storage of zero submatrices v<ihen progra- 
mmed for computer solution. Further, maJcing use of the 
auxilia,ry storage units like tapes or disks availa,ble in 

the computers, it is possible to avoid the simultaneous 

T 

storage of all the A, B and A matrices except those 
corresponding to any one row at a time, in the core 


memory. 



3.4 ROTATIONS AND MOWTS 


The rectangular fiiiite elements used in the 
present study include only the lateral and vortical tr<ans- 
la,tional displacements and the nodal force components do 
not include moments. However:, we need to compute the 
rotations of shear v/all edge at the points of connection 
to tho frame at floor levels to account for roto-tional 
compatibility. The rotations of tho edge of the wall at 
these points are calculated as the <average of the slopes 
of the vertical edges of the elements just above and 
below the floor levels. T'or example, in Fig, 3.4> the 
height of the element above the floor level 'i* is "h 2 ’* 
while that helow the floor level is h^ . x^, x^ and 
are the lateral displacements of the nodes A, D and 0 
respectively. The slope of the wall edge with the vertical 
at A , 



Por top corner of the wall^ the rotation is calculated 
as the slope of the edge of the element just below the 
top floor level. 

The interaction moment forces at floor levels on 
the walls are accounted by replacing the moments by two 
equal and opposite forces, one placed at the top node of 
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the eleraent just above the floor level and the other 
placed at the hotton node of the elevient just below the 
floor level. Por example in Fig. 3.4, <a moment " at the 
node 'A* v/ould be represented by a latero-1 force F^ in 
the positive direction at ’C' and F^ in the nego.tive 
direction at such tha-t 

F^ = / (h^ + h^) (3.32) 

The calcula.tion of rotations from the nodal displacements 
and the representation of moments by an equivalent couple 
offer quite reliable results as would be discussed in the 
next section. 
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3.5 TEST DIG TFIE COMPUTER PROGRiM 

The computer prograia developed to ano.lyse vertical 
v/alls fixed o,t br^se and subjected to latera.l, vertical 
a.nd moment loads a.t each of the floor levels, using the 
finite element method ha.s been checked, in the following 
way. 

The height of the wall being sufficiently larger 
than the width, it is expected tho.t the deflections of 
the solid wo.ll fixed at base and subjected to lateral, 
vertical and moment looxls at floor levels co.n bo calcula- 
ted using beam theory. The results of deflections obta,inc. 
using beam theory are taken as the basis to check the 
results of the program making use of finite element tech- 
nique to compute the deflections of the same wall. 

A solid shear wall of 20 storeys with a width 
of 200 thickness 10'' and total height of 200' is loaded 
as shown in Pig. 3.5. The vertical load varies from 
40,000 lbs at the first floor to 2,000 lbs at the top 
floor level, while the latter al and moment loads are the 
same at each of the floor levels. The lateral deflections 
and rotations at the points of application of the loads 
on the v/all as obtained from the computer programs using 
finite elejaent technique and conjugate beam method are 
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shown in Jigs, (3.7) and (3.8), In the application of the 
finite elenent net hod, the shear wall v/as replaced by 
8 elenents a.long the width a,rid 6 elements per storey along 
the hei^t . The shear deformations were included in the 
calculation of the deflections of the wall using conju- 
gate beam method. It can be observed that the la.teral 
deflections calculated by the finite element and conju- 
gate beam methods match very Vvrell all along the height 
with a maximum difference 2,16 percent. The rotations rf ..- 
compare very well at all floor levels except at the 
top floor. This is due to the fvoct that in the calcu- 
lation of rotations by the finite element technique, the 
rotation at the top floor alone is obtained as the slope 
of the vertical edge of the element just belovi; the top 
floor and not as the average of the slopes of the elements 
above and below that floor level. The vertical (axial) 
.displacements of the points of application of the loads 
at the floor levels compare reasonably well with a maxi- 
mum devia,tion of 2,26 percent, 

5'igs, (3.7) and (3.8) also indicate the plot of 
lateral deflections and rotations at floor levels of a 
10 storey solid wall analysed by beam theory and the 
finite element method. This wall is 10^ wide, 8*’’ thick 
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and 100* high» The loads applied at the floor levels 6iro 
the some .as in the case of 20 storey wojl except that 
the vertical loads varied fron 20,000 lbs at the first 
floor level to 2000 lbs cat the top floor. Very good 
agrecnert betv/een the results of beom c 0 .nalysis and finit 
element techniciue can be observed in this case as well. 
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3.6 RJiLIABIlITY OF BiiAJil JHEORY FOR THE 


MALYSIS OF WALLS WITH OPENINGS 


The finite element prograir. developed in the 
previous section ceji be easily modified to analyse sheca: 
walls v/ith openings. The shear v/all v/ith openings 
(Fig, 3.6) is divided into rectangular finite elements 
such that the edges of openings coincide v/ith the edges 
of the elements, that is, no part of an element in the 
openings extends to the adjacent solid portion of the 
wall surrounding the openings. These elements in the 
openings are assumed to have very negligible thickness 
(consequently negligible stiffness) as compared to the 
elements in the solid portion of the wall, It has been 
found (59) that when the olerients in the openings are 
assumed to hc?ve about 1/40th of the thickness of the adja- 
cent solid wall, the finite eloment method provides reliable 
results of deflections for walls with openings. If the 
assumed thickness for the elements in the openings is much 
less than about 1/40th of that of the solid wall, ill- 
conditioning of the stiffness matrix may develop. The 
modification in the computer program developed for solid 
wallsj to account for the openings in the walls is aoooinp- 
iLtshed very 00,8 ily. 
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It has hoen wicloly accepted tha.t the solid shea,r 
walls in the nultistorey huildings when fixed at base 
and interconnected to the frames lying in the same 
plane behave essentially as a cantilever, since the height 
of the wall is quite large compared to its width. It is 
reasonable to expect similar beam typo of behaviour in 
the case of walls with openings upto some limiting size. 
When the sizevS of the openings in the walls exceed certaij 
limiting values, the walls would cease to a.ct like a, bean 
as many of the assumptions like the plane sections 
remain plane before and after bending etc. are severely 
viola.ted. Hence, a study is carried out to find out as 
to upto what limiting sizes of openings in the walls, 
the beam action could be assumed for the deflection 
analysis of the walls with openings. For this purpose, 
the finite element method discussed in the previous 
section is used, The results of the bean analysis for 
walls with openings are compared with those obtained 
by the use of finite element method to check the relia- 
bility of the former. V/alls with only one band of centrally 
placed openings of the sane size in each of the storeys 
are covered in this study, 

20 storeyed walls (Fig. 5.9) with one band of 
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syininetrically placocT openings of sane size in each of 
the storeys, carrying loads applied at every floor level 
are analysed both by the bean theory and the finite 
elenent method. The base of openings coincides with the 
floor levels. Different opening sizes, viz. 20 percent, 
30 percent, 4-0 percent and 50 percent of the area of 
the wall are considered, fv/o different conhinations of 
width and depth hoive been used for each of the opening 
sizes except the 50 percent openings size for v/hich four 
different combinations of width and depth,. ha.ve been u.eo 
The deta.ils of the v/idths and depths of the openings 
used in this study are as follow.s: 


(i) 

20 percent openings 

0 , 4v/ X 

0.5h 



0.5w X 

0,4h, 

(ii) 

30 percent openings 

0 

1 

0.75h 



0,5w X 

0. 60h 



0.6w X 

0.50h 



0.75w X 0,40h 

(iii) 

4-0 percent openings 

- 0,5w X 

CO 

• 

0 



0.8w X 

0.5h 

(iv) 

50 percent openings 

- 0 . 625W X O.Sh 


where refers to the v/idth of the wall and *h* refers 
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to storey height. The saiiie set of arbitrary loeids 
used in the analysis of 20 storey solid shear wall 
(Fig. 3.5) is used and the lateral, vertical and rota- 
tional deflections of points of application of the loads 
at the floor levels have been coraputed both by beam 
theory and the finite element method. The comparison 
of the lateral ;and rotational translations of the walls 
with the different opening sizes are shown in Figs, (3.10) 
to (3.15), The plots for one set of 20 percent openings 
size and two sets of 30 percent openings size have not 
been included to avoid congestion of the curves. By 
studying these curves, it can be observed ths,t the appli- 
cability of beam theory to walls with openings is res- 
tricted not only by the overall sizes of the openings 
but also by their width, Tho deviations in the deflection 
values of walls with 30 percent openings whose v/idth is 
0,75 times that of the wall, are appreciably greater 
than those in the case of 40 percent or even 50 percent 
openings with the width restricted to half the width of 
the wall. The differences between the values of the axial 
deflections of the v/alls with openings of different 
sizes by both the methods are not appreciahle as compared 
to differences in the case of lateral and rotational 
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deformations. Irom the study of these graphs, it may 
he concluded tha,t the hean theory is capable of 
offering reliable results of deflection values for 
all practical purposes, if the sizes of the centrally 
placed openings do not exceed about 35 percent of the 
area of wall and widths of the openings do not exceed 
h 0 . 1 f that of the wall. 



CHAPTER 4 
iq’JALYSIS Qg ERAMB 


4 . 1 GBHERAL 

The recognition of the role played by the frames 
in carrying a part of the l-ateral loads applied on 
the shear wall-frane system leads to a realistic and 
economical design of these structures. The object of 
this chapter is to develop a non-diraensioxialisecl fora 
of the stiffness method of analysis, modified to suit 
the requirements of computing the interactioii forces on 
the frame in the shear wall-franie system. The method is 
explained starting from the development of member stiff- 
ness matrices of the column and beam elements of the franc 
The analysis of the shear wall also has to be caxried 
out in terms of the non-dimensional parojneters to match 
with the corresponding pa,rameters involved in the 
analysis of ^frames, 

ASSUMPTIONS 

(i) liany buildings in practice consist of regular 
rectangular plane frames (Pig, 4.1) in which all the beams 



m 







in any one iDaj'’ have the seme span and e,ll columns in 
any particular storey possess the same hoi^t, Onlj?" 
such types of frames are treated in this analysis, 

(ii) The loads are applied at the joints of 
the frame. The o-pplied loads may include moments , hori- 
zontal and vertical loads, 

(iii) The cross-sections of the "beams and 
columns are rectangular in shape and do not vary a.long 
the length of the span, Hov/ever, the variation of the 
section properties with length ms,y "be easily incorporated 
"by suitably modifying the element stiffness rao;trices» 

(iv) The behaviour of the frame is fully elastic 
for the range of loads considered herein, 

(v) The frame is rigidly connected to the wall 
at floor levels and hence undergo the same displacements 
as those of the shear wall at the points connection, 

4.2 NOTATIONS 

’1’ denotes the span length of beam or storey 
height of column members of the frame, ’A’ refers to 
the area and 'I ’refers to the second moment of area 
of cross-section. The suffix 'b ' corresponds to beam 
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and 'c ' represents coluran. For convenience in the identi- 
fication of the joints of the frame, the coliJinn lines 
are numbered 1 to 'n' from left to right and the floor 
levels 1 to n from ground floor” to top floor (Fig,4»l)» 

The individual columns are designated by the index of t]ie 
joint o,t the top of the column and the beans are identified 
by the index of the joint a.t its right Incnd end (Pigs 14* 2 
and 4.3). 

Initially the member stiffness matrices for the 
beams and colwrins are developed separately, then they are 
combined to get the joint stiffness matrices and there- 
after, the structure stiffness matrix for the whole 
frame is developed. The structure stiffness matrix as 
developed above would be useful to compute the displacement 
vectors of the joints when the applied loads at the joints 
are known. Hov^ever, for the interaction analysis of frame 
and wall system using the Iteration scheme, the inter- 
action forces on the frame when it is subjected to a 
known set of displacements (abta.inecl from the analysis 
of shear wall) at the joints, connected to the shear wall 
are required. The structure stiffness matrix is modified 
so as to obtain the Interaction forces. 
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4.5 MEmm Sl’IMBSS AfeiT.IX 1?0R BEAIvI 


Oonsidering the beaiT. in Pig. 4.2, the forces 
acting at the ends arc the noaents Hi?’, axial force 
and the shear force 'Q^« These forces are related to 
the corresponding displaceraents '0', 'u’ o.nd 'v'' of the 
ends of the heari "by the following eq^uations ; 



Elb , 

= '17 ®iO- 

-1 + 

6 

~ ^^i, J“1 " '■'ij j ^ ^ 




(4* la) 

h,3-i 


- '^1,3 J 

•(4.1b) 
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^ /a 
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* ®i,3-d 

12EI. 

+ (y i- -i) 

17 1 , 3-1 1,3 
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V'/here E refers to the elastic modulus of the material of 


frame. 


The a,bove equatioiis axe rewritten in a non- 
diraensional form as 


<0-1 


^■z ^ 

(^) I "i-Qi, 3-1 


* 


+26. . - 


\ 1 


6 / * * 
a^' ^^i,D-1 " 


(4-. 2a) 


< 0-1 


a a 
4 2 


a 


7-t<o-i-<o] 


C4.2-b) 


ho-1 


6a, 


12a, 


- ^®io " ho-d " -p- <"io-i -"10^ 
1 '1 

(4.2c) 


* 

M. . 

IjD 


( 4 ) . 48,^3 


6 / * 

D“1 




(4, 2d) 


* 

P. . 
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* 

'^ijD 
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4^2 r * * 1 
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(4.2e) 


6a 


3 ( 0 * +9* . ^ ) 

;7 '‘'^i,3 ijD-V 

1 


12a, 


iX' 


3 / * * \ 

t (^iO-1."’'i-0> 
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L ^9 belnf any fixed length., a fixed value of area 
and second moment of a,rea of cross-section, adopted 
for non-dimensionalisation. 


Rewritten in matrix notations, E^s. (4»2) 


become, 


[ lij {4 bio = bi3 


(4.3) 


Lie] 


bij 


4-cc^ 

0 

6a^ 

2a^ 

“ 

0 

6a, 

3 

-■2-” 

“1 

0 

‘■a" 

0 

0 

_ °^4“2 

0 

6a^ 

0 

12a„ 

3 

T 

6a 

- --2^ 

0 

12a, 

3 

1 

2a, 

3 

0 

6a, 

3 

4a^ 

0 

6a, 

3 

“1 

0 

O’ a 
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[ k is tile meriber stiffness matrix of the beam 

bij and {d} and the displacement and 


force vectors at the ends of the beam respectively* 
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4 .4 MEMBER STIEPEESS MATRIX POR 'THE COLCIW 


'The displacements and forces at the ends of the 


column, 


'^,'-5 4 •3.) are related as 

J- J 



(4.4) 


where the meinher stiffness matrix for the column 
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the displacements vector 



and the lorce- vector 



As before M , ^ ^ 

* 

form of forces, B , 
displac ements , Also , 


represent the nondimensionalised 


* * 
u , V 


represent 

L 


the non- 


A 


c 



dimensional is 
^c T 

“3 = 4 
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> 


Ci£? and being the sane quantities used in 


Eq. (4.2). 


4.5 GEl\TERilTIOK OF S'iAUCTUTdi STIFFNESS MATRK 
The equilibriutn conditions set up o,t the 
joints 'ij ' (Fig. 4.4) of the frame yield 





where vector of external loads acting at 

the joint 'ij', /f-^l , • and /f J- 


represent the 


forcevS at the end ij of the bear.is bij find bi+1,j 

respectively while ff ^ -jl and {ijA refer to 

c i3/oi,j ^ =1+1, j 

the forces at the end ij of the columns ^ and ^ ^ 
respectively, The member end forces of the beams and 
columns can be expressed in terms of the displacements 


at the ends of these members, using the respective 
member stiffness matrices (Eqs,4.3 and 4.4). Making 
use of Eqs. (4.3) and (4.4), Eq. (4.5) can he written as , 
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^ {^1,3.1} " [^ 1 . 1 , J= m 


where G-1 is obtained from the member stiffness matrix 

of the column c . . , G5 from that of the column c . ^ . , 

ij 1+ > > D 

G2 from the member stiffness matrix of the beam b . . , 

G4 from that of the beam bj^ while G3 is obtained from 
the stiffness matrices of the beams b. ^ and b. . . and 
the columns and c. . . meeting at the joint !ij ' . 

iJ It I j J 

me vectors . {'31^} - {< 11 + 1 , 3 ] 

|di represent the displacements 0, u and v of the 

joints (i-1,j), (i,j-1), (i,o)» (i+1>3) and (i,j+1) 
respectively. G1 to G5 are square matrices of .'rder 3 and 
the displacement vectors s'tc • o.re of order (3 x 1 ) . 

It is to be noted that the external forces '|^ij'^ should 
also be expressed in nondimensionalised form 8.s discussed 
in section 4,3. Equilibrium conditions generated for all 
the joints at the floor level 'i ' yield, 

tx], (d,j^ + 

(4.7) 
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and 



In the development of the above equations, it could be 
observed th8.t 

C’Oi = (4-8) 

1+d 


where the superscript ‘T’ refers to the transpose of the 
matrix, The matrices W, X and Y are of order (3n x 3n) 
and vectors |d^ 
to Eq, (4 •7) equations of ecxuilibrium can be written up 
for all the joints in each of the floor levels 1 to 


order 


Similar 


as 

c iq ] Idfe] = {ric} 


(4.9) 
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where the structare stiffnese matrix 
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The boundary conditions corresponding’, to the 
fixed base of the frame require that the displacements of 
the joints at the first floor (i.e.) ground level (]?ig.4.l) 
^dhi'|- = 0* Incorporating these boundary conditions in 

Eq« (4.9), the final set of equilibrium equations for the 
frame boils dovm to, 



( 4 . 10 ) 



4-. 6 EVAlO^a^ION OP UfTEHAOEIOF PORCS3 

It caji be observed tbet upto the development o.i 
Eq. (4,10), the formulation is quite identical to tha.t 
in the finite element raechod discussed in Cha.pter 3. Por 
the interaction analysis of frame and shear wall systen: 
using the iterative scheme (discussed in Chapter 2), 
the interaction forces on the frame at the points of 
connection with the shea,r wall are to be computed, when 
the frame is subjected to a Icnov/n set of displacements 
(supplied by the shear v/all analysis) at these connectic 
points. The interaction forces are obtained by suitably 
modifying Eq. (4*10) as explained below. It is assumed 
that the shear v/all is situated 021 the right hand side 
of the frame (along the column line 'n' in Pig. 4.1). 
Hence the displacements of the joints on the column line 
'n^ would be known and the interaction forces at these 
joints of the frame corresponding to the above displace- 
ments are to be evaluated, 

VI, X, Y, dj^ and matrices in Eq, (4 . 10) are 
partitioned and expressed in the following manner. 
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( 4 . 12 ) 



( 4 . 15 ) 



and 
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r 


R. 


pi 




( 4 . 15 ) 


In Eqs . (4.11) to (4.13), , XI and Yl represent 

partitioned matrices of order ( 3 n- 3 ) x ( 3 n- 3 ) , W’S, X 2 
and Y 2 represent rectangular matrices of order (3n--3) x 3, 
W 3 , Y 3 and Y3 are raati’ices of order 3 x (5n~3) while 
W4, X4 and Y4 are square matrices of order 3. Incidenta,llY, 
it can he noticed that W2, W3, Y 2 and Y3 are null matrices. 
In Eqs, (4.14) and (4,15), dpj^ and Rp^ are partitioned 
matrices of order (3n-3) x 1 and represent the displace- 
ments and applied external loads respectively at the 
joints 1 to (n- 1 ) on the i-th floor. 

Substituting Eqs. ( 4 , 11 ) to ( 4 . 15) in Eq. ( 4 , 7 ), 
the equations of equilibrium for the joints on the i-th 
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But W2 ] and Y2 Q are null matrices. So, 


F . 

p,i 


R . 
P)i 



( 4 . 18 ) 


Eq. ( 4 , 17 ) represents the modified set of equations of 
equilibrium for the joints on the i-th floor, involving 
only the known external force?- o/nd unknown joint displa- 
cements on this floor. Similar expressions can he developed 
from Eq, ( 4 .IO) for the joints in the floor levels 2 to m 
and written as 



(4.19) 


Using the scheme of forward elimination and backward 
substitution (58), Eq. (4.19) is solved for the displa- 
cement vectors d^g to d^^. 
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Again from Eq , (4,16) representing the equilibrium 
of the joints of the frame on the 'i'-th floor, the 
interaction force, 

Ri,n = CW] [s.i-i} + CWO 

+ (dp, 4 t CX4 3 

+ {dp,i4+ 

( 4 . 20 ) 

But W 3 and Y 3 are null matrices. 

+ [24] |ai,4 + [24] 

( 4 . 21 ) 

lU'Eq. (4.21), the displacement vectors |d^ 
and are known from the shear v</all lanalysis and 

dpi is obtained as the solution of Eq. ( 4 . 19 ) and hence 
the interaction force vector R. ^ is computed. In the 

J- J 

same Vi'ay, the interaction forces on the frame at all 
floor levels are evaluated. When the frame is connected 
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to the shear wall through beams at floor levels a,nd 
no columns exist a,t the junction of frame and wall, the 
analysis for the interaction forces on the frame can be 
carried out as discussed above by assigning zero values 
for the area of cross-section and second moment of area 
of the missing columns. 

4.7 TESTING aOIfeOTEh PROCrlljyJ-IS 

Two computer programs were developed using the 
method of analysis of frames discussed in the previous 
section. The first program is used to analyse a rectan- 
gular frame for joint displacements and member end forces, 
when the loads applied at the joints are known. The second 
program is capable of computing the interaction forces 
on the I ramie in a shear v^all -frame system, when the 
displacements of the frame joints connected to the shear 
Wall are known. The first program has been developed, 
mainly to help check the correctness of the latter. 

Both the above programs require memory locations that 
are functions of the number of bays in the frame rather 
than the number of storeys. Very tall building frames 
could be analysed without requiring large core memory 
space in the computer, provided auxiliary storage units 
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like tapes or discs ere availe.ble. 'The first propram 
was checked by comparing the member end moments for a 
two bay two storey freirae, obts-ined bj^ the above prograjn 
with those obtained by using Kani 's method (60) of 
rot8,tion contributions, I’he member end moments tallied 
ifith a m8.ximum difference of about 0.5 percent. The 
member end forces obtained by using the above prograiii 
satisfied the joint equilibrium conditions perfectly well 
Thus the reliability of the first program wa.s ascertained 

A two bay 10 storeyed frame (representing a 
typical frame interconnected to a sheer wall) was 
subjected to external loads as shown in Pig. 4 . 5 * The 
cross-sectional properties of all columns were equal 
and 80 was the case for the beams in the frame. The 
properties of beam and column sections are listed in. 
Table 4 . 1 . The displacements viz. rotations, lateral 
and vertical translations of the frame joints wherein 
the exteriml loads act were computed using the first 
program. These displacements were fed as data for the 
second program and the interactions forces required to 
subject the frame (4.5) to this set of displacements 
were evaluated. The loads used in the first program and 
the interaction forces computed by the use of the second 
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4 . 1 


G ROSS - S ECTIOI AL PR OPERTIES 
OP JIE.'IBPRS OP PRAJiE 


Member Span Area of Moment of 

X-ion inertia 

Beam 20 '-0” 200 SR.in. 6670 in.^ 

Column 12 '-0" 180 sq.in, 4860 in.^ 


PABLB 4.2 

G CS4M IS 01 _ OF _ gORCFS aPPL gP IP 

£?-P?-M2L J .. 0 2 


Floor 

level 

Moments 
Data in 
1st prog. 

(ft .lbs) 
Result in 
2ncl prog, 

Lateral 
(lbs) 
Data in 
1st prog 

force 

Result in 
2n(i prog. 

Yertioal 

(lb 

Data in 
1st prog. 

force 

s) 

Result in 
2na prog. 

2 

100000 

99999.86 

6000 

6000.07 

20000 

19999.99 

3 

100000 

100000.08 

6000 

6000.40 

18000 

18000.01 

4 

1 00000 

99999.97 

6000 

6000.46 

16000 

16000.00 

5 

1 00000 

99999.92 

6000 

6000.76 

14000 

13999.99 

6 

100000 

100000.05 

6000 

6001 .00 

1 2000 

12000.00 

7 

100000 

99999.84 

6000 

6000 . 1 6 

10000 

10000.00 

8 

100000 

100000.17 

6000 

6001.23 

8000 

8000.01 

9 

1 00000 

99999.89 

6000 

6001.23 

6000 

5999.93 

10 

100000 

100000,10 

6000 

6001.23 

4000 

4000.01 

11 

100000 

99999.91 

6000 

6000.52 

2000 

2000.00 
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program a.re presented In Table 4.2. The agreement 
between the quantities listed in the Table 4.2 ensures 
the correctness of the program developed for the 
evaluation of the interaction forces on the frame. 



CHAPl'ER 5 


INTERA CTION BEHA VIOUR. AM D EESI&H CURV ES 


5 . 1 GENERAL 

The structural system consisting of frame and the 
interconnected shear wall is analysed using the iterative 
scheme discussed in Chapter 2. A detailed study of the 
interaction behaviour and influences of various parameters 
on the interaction forces between the wall and the frame, 
carried out using the iterative method is discussed in 
this chapter. As the shear wall and frame are treated as 
separate entities, the sizes of matrices dealt with are 
relatively small and consequently the arithmetic operations 
involve less error. 

Study of the individual behaviours of the frame 
and wall in the shear v’all-frame system under the action 
of total applied loads, indicates the effectiveness of 
the interconnected system in restricting the lateral 
deflections. In the 10 storey shear wall-frame structure 
in Fig. 5.1, the lateral loads are applied on the frame 
ai«ne and the lateral displacements of the frame at the 
floor levels are computed. Next, all the lateral loads 
are applied on the shea,r wall only and the corresponding 
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l&teral displa.cements at the floor levels are evaluated 
by the conjugate beam method. I’inally the lateral loads 
are applied on the interconnected frame vmll system and 
the lateral displacements of the points of connection 
between the wall and frame are calculated by the itera- 
tive analysis. The above computed lateral displacements 
of the frame, wall and the interconnected frame and v/all 
are plotted in Pig, 5.1. It can be observed that the com- 
bination of shear wall and frame restricts the lateral 
displacements at different floor levels quite effectivel;m 

The portion of the applied lateral loads carried 
by the frame in the shear wall-frame system is mainly a 
function of the relative stiffness of wall to that of the 
frame. When the shear wall is relatively slender, the 
frame also carries a considerable part of the total 
applied lateral loads. Pig. 5.3 indicates the share of 
the applied la,teral loa-ds , carried by a 20 storey two-bay 
frame (Pig. 5.2) for two different stiffnesses of the 
interconnected shear v^all. In both cases, the shear wall 
has constant cross-section along the height. The moments 
of inertia of the columns and beams decrease uniformly in 
each, of the storeys, with their top storey values being 
one tenth and one half of their first storey values 
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respectively. In the wall-frame system 1, the shear wall 
is a slender one with its moment oi inertia about 94 
times greater than that of the column in the first storey. 
In system 2, the frame is the same as in system 1 but 
the wall is much stiffen with its moment of inertia about 
1100 times greater than that of the column in the first 
storey. The plot of the storey shears in the frames in 
system 1 and system 2 indicates that the frames; carry 
a substantial portion of the lateral loads applied on the 
frame and wall system and this share increases with the 
increase in the relative stiffness of the frame, 

5.2 GODIPOThR PROCRjilf FOR IlJTIiuCTlOf aMIYSIS 

The computer program for the interaction analysis 
of frame and shear wall structure has been prepared by 
combining the prograsis developed for the displacement 
analysis of shear wall using the conjugate beam method 
and that for the frame employing the stiffness method, 
discussed in Chapters 3 and 4 respectively. This program 
is used to analyse a 20 storey 3 hay frame and an inter- 
connected shear Vi/all (Fig. 5.4) » The vva.ll has constant 
moment of inertia along its height. The moments of inertia, 
of beams and ooluims vary for every two storeys with their 
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first storey and top storey values as indicated in 
Pig. 5.4. The interaction forces between the wall and 
the frame for. such frame-wall systems have been presented 
in graphical form by Parme (32), The graphs give the ratios 
of storey shears in the frame to the corresponding total 
applied shear in that storey and the bending moments in 
the wall at different levels as a fraction of the moment 
at the base of the wall caused by the applied loads, 

However, the method of analysis employed by Parme involved 
certain approximations and hence the results of the 
analysis of the frame-wall system (Pig. 5.4) by the 
present iterative scheme can be expected to compare only 
with some tolerance v/ith the graphical values presented 
by Parme. The data pertaining to the shear wall-frame 
system analysed are indicated in Pig. 5.4. Parme has not 
considered the effect of elongation or contraction of the 
outer fibres of the wall on the girder end moments. Hence 
suitable modifications have been introduced in the 
computer program to discard this effect. The ratios of 
storey shears in the frame and the mi^ments on the wall 
calculated using the computer program and obtained from 
the graphs presented by Parme (32), are listed in Table 5,1 . 
It is seen that there is good agreement between the 
computed and graphical values in the case of momenta on 



TidSIJiJ 5.1 

COrvIP /iHIS OI^ Off FRArlE SHEaR gO RGES aKD 


W.H.IL 

MOMEN'iS 

5L20^STOREY_ 

. PRAMa mil SYSfEM 

Position 
along 
height 
from base 

Erame Shea-r Forces 

W al 1 Moment s (M^, . /M, ) 

^ \N 1' D 

G-raph 

Computed 

Graph 

Computed 

0 

0.050 

0.032 

0.800 

0.790 

.1 H 

0.087 

0.073 

0.625 

0.610 

.2 H 

0.150 

0.117 

0.470 

0.460 

.5 H 

0.200 

0.155 

0.340 

0.330 

.4 H 

0.250 

0.190 

0.230 

0.225 

.5 H 

0.300 

0.226 

0.140 

0.142 

.6 H 

0.350 

0.268 

0.075 

0.079 

.7 H 

0.425 

0.324 

0.030 

0.034 

.8 H 

0.580 

0.414 

hot 

0.006 

.9 H 

1 .020 

0.550 

Available 

-0.004 

.95 H 

1 .950 

2.120 

- 

-0.005 
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the wall at diff ero^nt levels , The values of the storey 
shears match only v/ith a wide tolerance. 

5 . 3 COKYERGEITOE STUDY 

The accuracy of the results of the interaction 
analysis of sliear wall and frame fsystem employing the 
iterative scheme can be improved upon by specifying strict 
convergence criteria. Specification of about 5 percent 
tolerance for the convergence of the initial and end 
displacements in the iteration cycle offers reliable 
results for Sull practical purposes. The rate of conver- 
gence of the iterative scheme to the correct solution is 
quite fast for stiffen wa.lls j when the displacements 
corresponding to the free deflected shape of the wall 
are used as the initial values. The normal procedure of 
using the end values of the previous iteration cycle for 
the initial values of the next cycle proved futile in 
many oases with divergent results, as a proper initial 
deflected shape could not be obtained by guess. Two 
extrapolation techniques have been tried to obtain the 
initial values for any iteration cycle based on the values 
of the previous itera.tion c 3 ’'cles, and hence improve the 
convergence rate. 
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'forced convergence extrapolation' technique 
suggested by Khan and Sbarounis (29) consists of the 
eva.luo.tion of the initial values of lateral and rotationa.1 
displacements for any cycle other than the first, based 
on the displo.cements of the previous cycle and the free 
displacements (d^) of the shear v'/all. I'he extrapolation 
formula is expressed as 


'^i,(n+1) " ^i,n + 



(5.1) 


where 'd' refers to either lateral or rotational displa- 
cements e.t any pcorticular floor level, the first subscripts 
'i' and 'e' refer to the initial and end va,lues respecti- 
vely in the iteration cycle, and the number of the cycle 
is indica.ted by the second subscript , However, for the 
vertical displacements, the end values of the previous 
cycle are used as the initial values in the next cycle. 

Aitken's 6 ext rape lection technique (61) 
developed for use in the iterative methods of solving 
non-linear equations, requires the end vo.lues of the 
previous three iteration cycles for the estimation of 
the initial values of the next cycle, The mathematical 
expression for the above extrapolation technique is 
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n+3 n+2 


^n+2 


n+2 '^n+ 


1 J 


2d . + d 
n+1 n 


(5,2) 


This extrapolation technique csai he used only after the 
first three iteration cycles have been carried out. 

To evaluate the relative efficiencies of the 
a.bove two extrepoliation methods, both were used in the 
iterative scheme fox the interaction analysis of 10 storey 
and 20 storey shear wall-frame structures, A tolera.nce 
limit of 5 percent was employed as the convergence criter- 
ion. In the cs,se of 10 storey two bay frsjne v;tt]i an inter- 
connected shear wall, the ratio of the second moment of 
area of the shear wall to that of the column was about 

240, The forced convergence technique required 10 itera- 

2 

tions and the Aitken's 6 extrapolation required 4 iter- 
ations for convergence. In one ca.se of a 20 storey two bay 
frfmie with an intercormected shear wall, the ratio of 
the second moment of a-rea of the wa.ll to that of the 
column in the first storey v;aB 1120, For this structure, 

the forced convergence technique as Y;ell as the Aitken ' s 
2 

5 extrapolation required 4 iterations for convergence, 
for another case of 20 storey shear wall and frame 
structure in which the shear wall was relatively slender 
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witli its second moment of area only 95 times greater than 

that of the column, the forced convergence technique 

required 12 iterations. But the results of the iterative 

2 

scheme using Aitken'a 6 cxtrapol<ation technique continued 

to diverge even for the tenth iteration v/ith no trend of 

convergence in ony further cycles. Similar divergent 

behaviour of the results was met with in another case of 

slender shee.r wall interconnected to a frsme v/hen Aitken's 
2 

6 extrapolation was used. But the forced convergence 
technique offered converged results for the above structure. 
Based on this, it has been decided to use the forced 
convergence technique for the interaction analysis of 
shear wall-frame structures considered in this work, 

5.4 EPFECi OF VARIATION OF STIFFNESS OF THE 
liBlIvIBERS OP THE FRAME AIONO THE HEIG-HT 

Three different systems of 20 storey frame with 
an intercovnected shear wall (Fig. 5.2) were analysed to 
investigate the effect of variation of the flexural stiff- 
nesses (I/jP oT memhei^ of the frame along height. In 
all the three cases, the shear wall had the same moments 
of inertia and the cross-sections of the walls were 
constant along the height. In system 1 , the moments of 
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inertia of the columns and beams decreased uniformly in 
every storey, starting from bottom storey as shown in 
Pigs, 5.5a and 5,6a. In system 2, the decrease in the 
moments of inertia, of the cclumi.3 and beams occurred for 
every tv/n storeys (Pigs. 5.5b ana 5.6b). In system 3> there 
v/as no variant ion in the values of the moments of inertia 
of the columns and beams and they were equal in all the 
storeys as in the first storey. 

Figs. 5.7 and 5.8 give the plot of the lateral 
interaction forces (Pj?), (discrete forces at the floor 
levels where the frame is connected to the shear v/all) 
as a fraction of the total applied loads (EP) on the 
structure. The latero,! interaction forces shoot upto very 
high values at the top floor levels and are not indicated 
in the plot except by their numerical values. It can be 
noticed that in the eases of unifomn and no variation 
of the moments of inertia of the members of the frame, 
the wall is pulled tov^fards the frame in the upper storeys 
and the reverse takes place in the lower storeys (Pig.5.7). 
But 121 the case of the variation of moments of inertia 
of the beam and column members occurring In alternate 
storeys, the lateral interaction forces are distributed 
in a non-unifoim pattern, especially in the upper storeys 




Ftoor'- levels.'' : v levels 
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v.'here their directions change in alternate floor lovejls , 
This indicates tha.t the lateral interaction formas are 
quite sensitive to the variations in the stiffnesses 
of the mernhers of the frame along the height. 

Further, the shooting up of the inter, o.ct ion forces 
in the top storey has "been reported hy some investigators 
(29, 32). The increase in the interaction force values at 
the top floor is much higher for a fra,me v^ith no variation 
in the moments of inertia of the members of the fra-me 
when compared to the frame with variations along the 
height. However, the interaction moments on the frame do 
not differ much for systems 1, 2 and 3. 

5.5 EFFECT OF VARIATION OF THE MOMEHT OF 

nilRTlA OF THI, shear W'AlI. ALONG THE HEIGHT 

To find the influence of the variation of the 
moments of inertia of the wall in the shear wall-frame 
system on the interaction behaviour, four 20 storey 
shear wall-frame structures (Fig. 5.2) were analysed, 

In each of the four systems, the frames were identical 
to each other and the moments of inertia of the walls 
in the first storey were equal. In system 1 , the wall 
had constant cross-section all along the height. In 
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system 2, the moment of inertia of the wall in the t<«»p 
storey was 4/10 times that in the first storey and the 
reductions in the moment of inertia took ple-ce in each 
of the st9reys (fig, 5.9a). In system 3) the moments of 
inertia, of the wall in the top storey v/as the se.me as in 
system 2 but the decrease in the moments of inertia 
occurred for every two storeys (fig. 5.9b). In system 4} 
the decrease in the moments of inertia of the wall 
occurred for every four storeys (fig. 5.9c). The results 
of the interaction analysis for the stbove shear wall- 
frame systems indicate that moderate reductions along the 
height in the moments of inertia of the shear wall do 
not affect the interaction behaviour in any appreciable 
manner. It is uneconomical to provide shear Vv^alls with 
constant cross-sections without any reductions along the 
hei^t, except for specific reasons. 


5.6 IWfLTMdS Of THIi AXIkL DEfOMATIONS Of THS Y/AIiL 

With the aim of simplification of the interaction 
analysis of shear wall-frsme structures, some investiga- 
tors (27, 32) have neglected the effect of axial deforma- 
tions of the walls caused by the flexural rotations and 





116 


axial loads, on the girder end moments of the frame. To 
estimate the amount of approximeit ions involved in neglec- 
ting the effect of axio.l deformations of the wall on 
the girder end moments and in disregarding the vertical 
interaction forces in the computation of moments at diff- 
erent levels of the v/all, four cases of 20 storey frames 
with interconnected shear v/ all (Fig, 5.2) were considered. 
In all the four systems, the frames were Identical but 
the shear walls had different stiffnesses. The ratios of 
the moments of inertia of the wall to that of the column 
in the first storey were 95 in system 1, 375 in system 2, 
1125 in system 3 and 1880 in system 4. ^he shear walls 
had constant cross section along the height in each of 
the four systems. For all the four systems of shear wall- 
frame structure, the interaction analyses 'were carried 
out, first including t' e effects of axial deformations 
of the walls and next, by neglecting the effects of 
axial deformations. The results of the analyses for two 
typical cases are presented in Tables 5.2 and 5.5. The 
tables give the values of the interaction moments (M^ ) 
on the frame and the moments on the wall ) at diff- 
erent floor levels as a fra.ction of the moment at the 
"base (M-jj) of the structure due to the applied loads, In 
general, it is observed that neglecting axial deformations 
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MIE 5.2 

OK_Oi^ im'lil RACl' ION mom ts 
OI'I mAM ; jU^D MOj^DSN'TS oh wall 

- 


Height 

from 

"base 

Interaction Moments 

On Prame (M^ 

Moments On Shear Wall 
(M„ /Mb) 

With axial 
deflections 
of V'/all 

Neglecting 
axial defl- 
ections of 
wall 

With axial 
deflections 
of wa.!! 

Neglecting 
axial deflections 
of v;s,ll 

,1 H 

.00154 

,00132 

.602 

.638 

.2 H 

.00256 

.00220 

.448 

.481 

• 

\ja 

l-H 

l-‘-l 

.00318 

.00273 

.320 

.350 

.4 H 

.00348 

.00300 

.216 

.241 

.5 H 

.00355 

,00308 

.133 

.154 

,6 H 

.00346 

,00300 

.070 

.086 

.7 H 

.00325 

. 00283 

.026 

.037 

.8 H 

.00296 

.00258 

-.0005 

.0071 

.9 H 

.00261 

. 00228 

-.0101 

-.0059 

1,0 H 

.00202 

.00174 

-.0028 

-.0017 



118 


COMPARISON, 
ON PR^JvIE 


MLE 5.3 

OF IMTERAGDIO I MO ilENT S, 
® .. ON WALL 
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Height 

from 

base 

Interactio 2 i Momeiit.s On 
Prame (M^ /li ^ ) 

Moments On Shear V^^all 


With axial 
deflections 
of wall 

Negl ecting 
axial defl- 
ections of 
wall 

With axial 
deflections 
of wall 

Neglecting 
axia.1 def- 
lections 
of wall 

.1 H 

.00736 

,00678 

.195 

.229 

.2 H 

.01065 

.01005 

.098 

.125 

.3 H 

.01165 

,01124 

.037 

,056 

.4 H 

.01134 

.01119 

-.0006 

.0116 

• .5 H 

,01053 

.01042 

-.0246 

-.0179 

.6 H 

.00898 

.00929 

-.0384 

-.0356 

.7 H 

.00754 

.00803 

-.0437 

-.0432 

.8 H 

.00618 

.00681 

-.0407 

-.0410 

.9 H 

.00502 

. 00569 

-.0285 

-.0284 

1.0 H 

.00372 

i00426 

-.0052 

-.0042 
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of the walls, slightly underestimates the interaction 
moments on the frame when the walls are stiffen. In the 
ca.se of slender v^/all, the interaction moments on the 
frame and the moments on the walls are overestimated in the 
lower storeys while the frame shear forces are over~ 
estimated in the upper storeys, 

5.7 LIMITING- STIFFNESS RATIO FOR THE SHEaR WaLL 

In general, as the stiffness of the shear wejl 
is increased relative to the interconnected frame, the 
share of the applied load carried by the fra,me is reduced. 

I 

However, it is expected that beyond certain limiting 
value of the stiffness ratio of the wall, any further 
increase in the wall stiffness may not significantly 
reduce the forces on the frame. To get ax idea of the 
limiting ratio of sheex wall stiffness for a given frame 
wall system, the interaction moments on the frame at two 
typical floor levels and the frame shears at three 
different storeys axe plotted in Figs. 5.10 and 5.11 for 
a tv7o hay 20 storey frame interconneoted with a, shear v;all 

frame is represented 
Ic> Lq, and , 

refer to the moment of inertia and span for the column 



(Fig, 5,2), The stiffness of the 

by the ratio , where 

■^h ■“c 
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c<,nd Idgsjoq n^GinlDGirs in iliG firsi sionGy, TIig irGlG'fcivG 
stiffnGss of the shear wall is represented by parameter 

I, \ (10)2 

“2 ~ 1”' iT" ^ - where I refers to the 

b c 

moment of inertia, of the wa,ll o,nd n refers to the total 

s 

number of storeys. 

The values of a 2 considered herein vary from 
125 to 2500 , In Fig. 5 . 10 , the ordinate refers to the 
interaction moments on the frame at the 4th and 8th 
storeys of the frame as a fraction of the moments (M^) 
at the base due to the applied loads. It can be observed 
that for a 2 greater than 1500, the interaction moments 
on the frame do not decrease appreciably. Fig. 5.11 gives 
the variation of shear carried by the frame in three 
typica.1 storeys for different stiffness ratios of shear 
wall. As in the case for interaction moments, it can be 
seen that for va,lues of a 2 greater than 1500, the reduction 
in the storey shears of the frame is not substantial. 

The same trend has been noticed for some other 20 storey 
structures with different stiffnesses for the frsime. From 
this study, it may be stated that for the 20 storey frame 
considered, 1500 is the limiting value of shear wall 
stiffness ratio (a^) for an efficient participation of 
the frame in resisting the lateral loads. 
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The interactioiT analysis using the iteration 
scheme for shear wall-frame systems could be applied 
with equal convenience for the analysis of the structural 
system in which the shear wall lies between two frames 
CO nected at floor levels (Fig, 5.12). is discussed in 
Chapter 2, the total lateral lor.-'’s arc applied on the 
shear v/all and the free displacements of the walls are 
computed. An initial deflected shape is assumed for the 
wall and the frames on either side are subjected to the 
same set of displacements as of the respective edges of 
the wall connected to the frames. The interaction forces 
on each of the frames required to subject the frames to 
the above displacements are evaluated separately. These 
interaction forces are reversed in sense, applied on the 
shear wall and the displacements are evaluated. The 
convergence of the algebraic sura of the displacements of 
the wall caused by the interaction forces and the free 
displacements of the wall with the initial assumed dis- 
placements is checked. The iterations are repeated till 
the specified convergence criterion is satisfied. 

Also when the frames and walls do not lie in the 
same plane but are symmetrically distributed, interconne- 
cted to each other through floor diaphragms, all the frames 




FiG- 5-12 - SHEAR: WALL WITH INTERCQMNECTFD FRAMES 
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could bo replaced by simple frc.me of equivcilent stiffness. 
The group of shear vmlls in the original system may be 
repls-ced by a single shear wall of equivalent stiffness 
and width. The interaction analysis is carried out on the 
replaced structure consisting of a single equivalent frame 
and the interconnected shear v;all. The forces in the 
columns, bc-;ams and the shear wall of equivalent system 
are evaluated and the corresponding forces in the indivi- 
dual columns, beams and walls of the original system a,re 
obtained by distributing the forces in the replaced syste'"; 
in proportion to their relative stiffnesses. 
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5.8 DESIGN CURVES 

The design of shear v/all and interconnected 
frame requires the evaluation of the forces of inter- 
action as a first step. Next, the forces in the memhers 
of the frame are coBiputed hy any convenient method of 
frame analysis and the shear forces and moincnts at diff- 
erent levels on the shear v/all are obtained by statics. 
The evaluation of the interaction forces requires large 
amount of computations o.nd this Increases in proportion 
with the increase in the number storeys of the structure 
To facilitate the design of frame and shear wall struc- 
tures, the interaction forces due to applied lateral 
loads, have been evaluated in terms of non-dimensiona,! 
coefficients and are presented in the form of charts 
for a wide range of structural proportions of shear v/all 
and frame. Separate charts have been provided. for shear 
walls with openings and for solid shear walls, 

A 20 storey shear wall and frame system, as 
shown in fig, 5.13, has been used for the preparation 
of charts giving the coefficients of design forces on 
the shear wall and frame. The storey heights are equal 
in eo.ch of the storeys. The moment of inertia, of the 
columns decreases uniformly from first storey, with its 
value in the top storey equa.1 to one-tenth of that in 
the first storey (Eig, 5 .Sa) , The moment of inertia of 
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the beari;i' 


also doer oases from bottom to top with its 


value in the top floor oou.a to one half of that in 
the first storey (Pig. 5,6a). The shear wall has 


constejit cross-scotion along the height. The loads are 
applied at the floor levels, 


Coefficients for 

(i) shear foroc (V^ in each storey of 
the frame, 

(ii) interaction moments (M^) on the frame 

, (at the points of connection with the 

^ wall ) and 

(ill) moments (ivl,,^) on the wall at different 

; levels rJ-ong the height 

are presented throng graphs. The shear force in 
different storeys of the frame can be computed from 


Vfx - "s^tx 


( 5 . 3 ) 


where is the coefficient available from the graph 

P 

and refers to the total applied shear in the storey, 
The coefficients are taken from the graphs corres-- 

ponding to the raid-hei^t level of the storey under 
conBideration. The interaction moments on the frame 
are obtained as 
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im b 




( 5 . 4 ) 


where is the coefficient available from the 

charts, refers to the t»tal moment at the base of 

n 

the structure caused by the applied loads and ( ) 

is a scale factor determined by the total number of 
storeys 'n^ ' . The moments on the shear wall a.re evaluatr-i 
as 





( 5 . 5 ) 


where is the coefficient available from the charts. 
Oharts have not been provided for the vertical inter- 
action forces, as they do not influence the design of 
the frame in any significant manner. However, the contri- 
bution of the vertical interaction forces to the moments 
induced in the wall has been considered in the prepara- 
tion of the charts giving the coefficients of the 

moments on the wall, 

Pour sets of charts are presented. Each set 
deals with one frame stiffness and six different relative 


stiffness ratios of the shear wall to the frame. The 


stiffness of the frame .is defined by the factor, 





( 5 . 6 ) 
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where the spans I^), areas (A^, A^) and the 

moments of inertia I^) of the beam and the column 

correspond to the first storey. The values of the frame 
stiffness factor considered are, 

(i) 5 

(ii) 10 

(iii) 15 

(iv) 20 


The parajpeter 'Pg' anting the relative stiffness 

of the shear wall to the frame is defined as, 





(5.7) 


TJia values of the relative shear wall stiffness ratii^s 
pg used in the preparation of the charts are 


(i) 25 

(il) 50 

(iii) 100 

(iv) 200 

(v ) 500 

(vi) 500 


The above values of the frame stiffness factors 
and the relative shear wall stiffness ratios ^ 2 > 
cover a wide range of structural proportions in shear 
Wall and frame structures. 
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5.8.1 PRAlffi; MD H^TERCOKiECTED SOLID SHEaR WALL 

Eigs* 5.14- give the frame shear coefficients 
'Og' for a frame interconnected v;ith a solid shear wall 
(Eig. 5.15). The shear in any storey of the frame is obtained 
by taking the value of the coefficient '0^* corresponding 
to the mid-height level of the storey from the appropriate 
curve and using Eq. 5.3. In most cases, the shear in the 
top storey of the frame corresponding to the level 0.975 H 
(for the 20 storey frame considered) shoots upto very high 

i 

values. When these values could not be accommodated in 
the plot, they are indicated by their numerical values at 
the end jof the curves, Eigs. 5.15 give the coefficients 
Cfra interaction moments on the frame at the points 

of connection with the shear v/all (Bq. 5*4). Eigs. 5.16 
offer the coefficients 0„.„ for evaluating the moments on 
the shear wall at different levels along the height 
(Eg,. 5.5). These charts can also be used when the moment 
of inertia of the shear wall decreases from bottom to top, 
as it has been indicated in Section 5.5. that moderate 
reductions in the moment of inertia of the shear wall along 
the height do not affect the interaction behaviour 
significantly. 
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FIG- 5-14 COEFFICIENTS OF SHEAR FORCES !N FRAME 
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5.8.2 PRAI'.IE AND SHEAR WALL V/Il’H OPENINGS 
Coefficients for 

(i) snear force in each storey of the frr-me, 

(ii) interaction moiucnts on the freme a,t 

the points of connection with the shear 
wall and 

(iii) moments on the wall at different levels 
are presented through charts (Pigs- 5.18 
to 5,20) for frame intorconnc-cted v;lth 
shear wall having openings (Pig « 5. 17). 

Central rectangular openings of equal size in each 

of the storeys are considered, The base of the openings 

lies at floor levels. The width of the opening is equal 

to one half that of the v/all and height is equal to 0.7 

times that of the storey height. Thus the opening in 

each storey covers 35 percent of the area of the wall 

and corresponds to the limiting size of the openings 

in the shear v/all for v/hich the beam theory could be 

used to compute the displacements of the wall (discussed 

in Chapter 3), The shear wall has constant v/idth and 

thickness along the hei^t. In Pig. 5.17, Ig refers 

to the moment of inertia of the wall at any section 

v^hero no opening exists. Pigs, 5.18 give the coeffieientg 

hc ’ for the shear forces In the frame (Eq. 5»3). 
s 
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Pigs, 5»19 give tlie ooefficionts of ilie inter- 

action moments on the frame at the points of connection 

with the wall, (Eq, 5.4). Pigs, 5.20 give the values of 

the coefficients of the moments on the wall at 

wni 

different levels along the height (Eq. 5.5). 




FiG.f-l? . 20 STOREY.. FRAME AND INTERCONNECTED 
,^','.y''''CH'E‘AR; WAlE^ VyiT H OPENINGS/ 
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5.8.3 DSS IG-H EXAItlPlJi; 

The use of the design ciirYes i,s illustrated 

through an example. A teo hay 15 store;y frame with an 

interconnected shear v/ all (Pig, 5.21) in v.’hich, the 

stiffness factor of the frame, = 10 and the relative 

stiffness of the shear v/all, = 200, is considez’ecl, 

The coefficients 'G„* of the shear forces in different 

storeys of the frame are taken from the graphs for 

= 10 and ^2 “ (S'!!?* 5.14-C) corresponding to the 

level of the mid“height of the storeys. Por example, the 

mid-height of the fourth storey of the 15 storey frame 
7 

is at H = 0.233 H, from "base. The value of the co- 
efficient 'G„ ' for shear in the fra.me at 0,233 H, gives 
the shear force '^“'2 fourth storey as a fraction 

of the total applied shear = 11.5P> in this storey. 

The coefficients 'G|jjj' of the interaction mooients on uhe 
frame are t alt en from the curves at levels corresponding 
to the height of the floor levels from the base (Pig.5.15G). 
Similarly, the coefficients 0^ of the moments on the 
shear wall at different levels are obtained from the graphs 
(Pig. 5.160). The coefficients for shear in the frame, 
interaction HI oments on the frame and the moments on the 
walls of the 15 storey frame-wall system were also computed 
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by carrying out a separate interaction analysis. These 
coefficients obtained from the graph and the interaction 
analysis are compared in Tables 5.4 and 5.5. It can 
be noticed that the values of coefficients from the 
graphs match closely with the computed values. 

V/ith shear forces in each storey of the freime 
evaluated, the shear forces in the wall are obtained 
as the difference between the total applied shear and 
the frame shear in the storey. The lateral interaction 
forces. on the frame at any floor level are obtained 
as the difference between the shear forces in the 
storeys just above and below that floor level, With 
the interaction forces viz. the lateral forces and mo- 
ments on the frame known, the forces in the individual 
members of the frame can be evaluated by any convenient 
method of frame analysis. As the moments at different 
levels and the shear forces in different storeys of the 
wall are known, the design of the wall can be carried 
out in the usual way. • 


V 



5,4 

OS' l^-STOREY 

'£|!iL iPPSi^ 


Stoj: eys Height from hase 

to mid-storey level 

0.033 H 
0.100 H 
0,167 H 
0,233 H 
0.300 H. 

0.367 H 
0.433 H 
0,500 H 
0.567 H 
0,633 H 
0.700 H 
0.767 H 
0.833 H 
0.900 H 
0.967 H 


Coefficients of shear forces 
in the frame {O^ ) 


Computed 

From Graph 

0,038 

0.030 

0.063 

0,060 

0.096 

0.092 

0.125 

0,120 

0.151 

0,148 

0.175 

0.170 

0.198 

0.192 

0.222 

0,214 

0.248 

0.244 

0.278 

0.270 

0.518 

0.312 

0.375 

0.375 

0.471 

0.470 

0.676 

0.690 

1.832 

2.100 


1 

2 

3 

4 
3 
6 

7 

8 
9 

10 

11 

12 

13 

14 

15 



table 5.5 


M O MITS PIT ERAIvEE AND 
MOIMTS „..0§„WAIiL OF 15 S T PRE Y SH EAR 
^■'i^pTi-FRj^^^SYS TEM (.D ESI GN EXAiig LE) 


Floor 

Levels 


Coefficients of inter- 
action moments on frame 
(C. ) 

--ARI 

Computed From Ctraph" 


Coefficients of moment 
on the wall 

<°w„) 

Computed From Graph 


Bas 0 



0.718 

0,720 

2 •: 

0.00205 

0.00200 

0.594 

0,602 

3 ' 

0.00355 

0.00350 

0.485 

0.497 

4 

0,00466 

0.00467 

0.389 

0.390 

13 

0.00542 

0.00540 

0.307 

0.300 

6 

0.00590 

0.00587 

0.235 

0.235 

7 

0.00615 

0,00613 

0.174 

0.176 

8 

0.00622 

0.00620 

0.122 

0.123 

9 

0.00615 

0.00620 

0.080 

0.080 

10 

0,00596 

0.00600 

0.045 

0.045 

11 

0.00569 

0.00567 

0.019 

0.017 

12 

0.00536 

0.00532 

-0.0004 

-0.0010 

13 

0.00499 

0.00500 

-0.012 

-0.014 

14 

0,00459 

0.00460 

-0.017 

-0,016 

15 

0,00416 

0.00413 

-0.014 

-0.013 

1f^ 

0.00337 

0.00346 

-0,005 

-0.003 



limiting sizes of the openings could be analysed by 
besim theory for the computation of displacements. The 
applicability of beam theory to the walls with openingrs 
is restricted not only by the overall sizes of the open- 
ings but also by their width. It is observed that Y/alls 
with centrally placed openings whose .area does not eocceod 
35 percent of the wall and also the v^idth does not exceed 
hall that of the wall, could be analysed using beam theory 
for the evaluation of the displacements. The corapa,r±Bon 
of the displacements of the solid shear walls, evaluated 
by the use of the finite element method and the beam 
theory, indicates that the rectangular element with tv/o 
degrees of freedom per node used in the present worJc, is 
well suited for the analysis of shear wall structures, 

6.3 MDIMMSIOMIIZED PHAIffi STIFFNESS m'HOIi 

The non-dimensionalised form of the stiffness 
method used for the evaluation of the forces of Interaction 
on the frame, offers convenience in the preparation of 
desi/;^! curves for the interaction force coefficients of 
the shear wall-frame system. As only the relative dimen- 
sions of the members of the frame are involved, this pro- 
cedure allows the designer to utilise the same results, 
for the analysis of frames with different absolute values 



165 


cam c,nd column dimensions but their relative values 
being same, J?he rcgulfir structural configuration of the 
frame facilitates the development of computer program 
foi bhe interaction einalysis, requiring core memory 
btorages, mainly 0,3 a function of the nuirber of bays, 

I'ather than the number of storeys, 

6,4 NATURE OF THE IMTER40TI0N EOROSS 

The structural components of the frame are basic- 
ally llcxural clement' v/hile i:he shear v/all panel has 
very high shear stiffness, The interaction phenomenon of 
these two components having divergent structural behavio- 
urs makes the problem more interesting. The general dis- 
tribution of the interaction forces between the shear 
wall and frame viz. moments, lateral and vertical forces, 
are such that the applied lateral loads are resisted by 
the frame and wall in an efficient manner, However, the 
lateral interaction forces are distributed in such marmer 
that the frame pulls the shear wall and reduces the applied 
shear forces on the wall in the upper storeys while in 
the lower storeys the frame adds to the shear forces 
in the wall, Thou^i the net effect is that the frame 
takes a part of the total lateral load, its behaviour is 
sharing and self balancing type. The interaction moments 
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and vfcitical forces counteract the applied loads uniformly 
along the height of the shear wall, 

6.5 mPIUENOE OP DIPPEI®IT PaEaMERS 

6.5.1 Jbcial Defonnations of the Shear V/all 

The approximations involved in neglecting the 
effect of axial deformations of the wall on the moments 
at the ends of the girders connected to the v/all have 
been studied. It is observed that in most ca,ses, this 
does not introduce appreciable errors. Hov/over, when 
the shear wall connected to the frame is relatively 
stiff, the interaction moments on the frame are under- 
estiinated by neglecting the axial deformations of the 
shear wall. 

6.5.2 Variation of Moment of Inertia of the 
Members of the Prame and Shear Wall 

The lateral interaction forces between the 
frame and the shear wall are quite sensitive to the 
variations in the second moment of area of the column 
and beam members of the frame in different storeys along 
the height. This phenomenon indicates that caution 
should be excercised in the case of design curves pre- 
pared for a specified type of variation of the moments 
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of inertia of the members of the frpj-ne, while using them 
for a frame wall system with a very different type of 
variation of the moments of inertia. 

Moderate reductions in the moment of inertia 
of the shear wall along the height do not affect the inter- 
action behaviour of the shear v/all frame system in any 
significant manner. 

Studies were carried out to obtain an idea about 
the limiting ratio of stiffness of the shear v/all to the 
framo, beyond which any increase in the stiffness of thc 
v/all does not effect the load carried by the wall. Por 
a 20 storey frame-wall system (Pig. 5.2) analysed, the 
limiting ratio of the moment of inertia of the shear wall 
to the coluinn is about 1130 (when the ratio of the flex- 
ural stiffness of column to bean in the frame is 5.3). 

Any further increase in the stiffness of the shear v/all 
will not change the interaction forces to a significant 
value . 

6.6 COKVERGENOB 

The accuracy of the results obtained in the inter- 
action analysis employing the iterative scheme can be 
improved by imposing strict convergence criteria. Out 
of the two extrapolation techniques via. 'Forced conver- 
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gonccj technique' (29) and 'Altken's 6^ method' ( 61 ) 

tried, the Forced convergence technique offers assured 

convergence of the iterative scheme to the correct 
solution. 

6.7 DESIGH CURTES 

The design cuives presented herein give the 
iiiboraction forces on the frame and shear wall with or 
V(/ithout openings, in terms of dimensionless coefficients 
for a wide range of structural proportions. When the 
relative stiffness ratios and ^2 shear v/all 

and frame system fall iii the ranges indicated in these 
charts, the interactions forces on the frame and the 
wall could be obtained without carrying out a detailed 
interaction analysis, Simple programmes for the analysis 
of frames are easily available. After determining the 
interaction forces on the frame of a, given frano-wall 
cyst ora from the design curves^ it is rather easy to 
analyse the frame v/ith the help of any one of the avail- 
able computer programs. The same thing csn be achieved 
by writing a program using a more generalised displac- 
ement method, The example of the previous chapter illu- 
strates the simplicity in accomplishing the analysis 
of a frome-wall system with the help of the design curves 
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In many cases, a designer has to make ca decision 
in aevanco aboiit the relative sizes of the wall and frame. 
As the height of the building increases, the decision 
pioccss becomes difficult. The design curves give an 
insight to the designer about the interaction behaviour 
oj, the franie-w0.11 system for different relative stiffnesses 


of frai'ie and wa^ll. The designer has an aclva.nced information 


from the charts presented herein which enable him to cone 


up with a rational decision without many trials. 


6,8 SUGGESTIONS fOR FURTHER FOEJC 

It appears that there are no design curves 
available to get the interaction forces between the frame 
and interconnected coupled shear wa,ll. Preparation of 
charts giving the interaction forces for different relative 
stiffnesses of frame and coupled shear wall structures 
will be a welcome addition to the family of design curves 

available for shear wall-frame structures. 

The research work on the dynamic analysis of 
shear wall and frame structures is limited. IfThen the shear 
walls have openings, it nay be expected that much higher 
stresses would be induced around the openings under 
dynamic loads as compared to the case of static loads. 
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.extensive experimental as well as theoretic.?.! studies 
v/i.ll have to be undertolcen to get a better- understanding 

of the behaviour of the combined wall and frsjne systems 
under dynamic loads. 

ihe role played by the floor diaphragms in 
sharing a part of the la,teral locids applied on the shear 
vyall-i.r.ojie system has not been assessed v/ell, The amount 
of Vi/orlc available regarding the influence of the inplane 
def o;raiations of t2ie floor diaphragms on the interaction 
behaviour is limited. There is ample scope to carry out 
further studies on this aspect of slab-wall interaction. 
The analysis for internal forces in the shea,r walls 
combined with floor diaphragms where the walls also act 
as load bearing walls, requires further investigations. 

feny investigators have undertaken research on 
the non-linear behaviour and ultimate strength aspects 
of shear wall structures but the studies are in the 
initial stage. It can be hoped that these studies would 
help in the rational evaluation of load factors for the 
design of shear wall structures in the near future. 

Development of procedures for an optimal 
design of shear wall and interconnected frame systems, 
in terms of the relative sizes of the component wall 
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6.9 ADDITlOIiAL OOIffilENTS 
6.9 i1 Validity of Beam Theory 

# 

The bhesis presents two sets ef interaction analyses. 
In one analysis the shear wall with or without openings is 
assumed to be a beam and the stiffness matrix is generated by 
using beam theory including shear distorsion. Y/hereas in the 
second set a finite element analysis is used for the same 
shear wall. The purpose of developing the parallel programmes 
is two-fold : 

1 , T« find out the limits $f validity of the beam 
theory in the interactiin problem with respect to 
the size of §penings, 

2, The finite element analysis of the interaction 
programme required a large computer time. Since 
the main object of the problem is to generate 
design coefficients for a large set of non- 
diraensionalized parameters, the computer time 
required for such a purpose would be enormous. 
Considerable computer time can be saved by 
using simple beam theory programme wherever the 
accuracy of its solution is within limits. 

Several examples have been solved by using the 
two prtgranimes. Defoimat ions as well as interaction forces 
obtained from these different programmes were compared. In 
first set of examples, only defirmation analysis was done bj 
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both the methods, taking the opening of shear wall as a 
variable parameter. In this set of examples, three loads 
were applied at each joint location, and the corresponding 
deformations at each of the joints were compared, Some 
comparisons of typical graphs were presented in the previous 
sections. The results from beam theory checked very closely 
with, those of the finite element analysis, if the area of 
opening is ?5‘/. of the shear wall and the width of the openln 
is less than 50*/, of that of the wall. This illustrates tha"- 
for an arbitrary set of loads, the deformations check but 
does not guarantee that this behaviour will continue even for 
any typical interaction forces. To check for such a situa- 
tion, ten and twenty storey shear wall-frame systems were 
analysed for interaction forces and deformations by using 
finite element method. The deformations at the interconnected 
points of the shear wall and frame were substituted in the 
stiffness equation of the simple beam theory. The joint 
forces thus obtained from the beam theory due to the deforma- 
tions corresponding to the finite element programme were 
compared with interaction forces of the finite element 
solutions. These solutions compared well within the limits 
of the openings of shear walls already mentioned. 

Many examplss have been tested and found to give 
satisfactory results, therefore it is more rational to use a 
beam theory upto, the limits for which it is applicable. The 
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finite element prograjnme must be used for dependable solu- 
tions, if the area of the opening is more than 35’/. and, the 
width of the opening is more than 50’/. of the wall width. 

Areas of door and window openings of most shear walls will be 
less than 35*/, of the shear wall. Therefore the interaction 
force coefficients are generated by using simple beam theor;- 
instead of the finite element method. This has saved severaJ. 
hours of computer time, 

6.9*2 Validity and Limitation of the Besign Curve 

Only two sets of interaction force coefficient 
curves are presented. In each set there are several non- 
dimens ionalized variables associated with relative dimensions 
of two bay frame and shear wall. One set of curves gives the 
interaction force coefficients for solid shear wall while the 
other set gives for a shear wall with opening of 35/. . A 35*/. 
opening in the middle line of a shear wall with width of 
opening not exceeding 50*/. of the wall width, reduces the 
bending stiffness coefficients of a panel to a maximum extent 
of 14*/. . Such a reduction in the elements of stiffness matrix 
of the shear wall with opening has a tendency to increase the 
lateral loading on the' frame. The lateral interaction load 
on the frame is negative at .lower floor levels while it is 
positive at the upper floor levels. This type of partial self- 
balancing tendency of the Interaction forces is not much 
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affected by the marginal variation in the stiffness matrix. 
Difference in the interaction force coefficients of a/ solid 
shear wall and the shear wall with openings upto 35*/. area 
is in the #rder of about 10*/. . The interaction force coeffi- 
cients for 20y. and 30*/. openings were also computed for typical 
frame systems and found to lie in between the coefficients 
of the solid wall and 35*/. opening shear wall. Even though 
the curves given are for solid shear wall and shear v/all with 
55/. openings) a designer can obtain these coefficients for 
any other arbitrary openings of a shear wa,ll by simple linear 
interpolation. The curves presented can be used for a, very 
wide range of shear wall -frame systems, having any arbitrary 
openings and arbitrary number of floors. However there 
are certain limits beyond which the curves are not helpful. 

The limits are : (a) the area of the opening in shear wall 
should not exceed 35*/. of the wall area, (b) the width of the 
opening; should not exceed 50'/. of the width of the wall, and 
(o) the number of bays in a frame has to be only two. The 
first two limits are not really limits since most openings 
of doors and windows tend to be within these limits. The numoer 
of bays is a real limitation. The computer programme developed 

is capable of accommodating any number of bays. Presenta,tion 

of design curves taking number- of bays as a parameter, multi- 
plies the number of pages of the thesis. It has been found 
that frames haying more than two bays tend to be very wide. 
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Such frames do not require shear walls. Shear wall and one 
hay frame systems are also not common in practice. Such 
slender buildings are often designed with staggered shear 
walls and frames. Slender buildings are often provided with 
wide shear walls at the ends of the building v/ith intermediate 
frames. Shear wa,ll-frame systems are norma,lly used in three 
bays width buildings in which one of the bays is provided with 
shear wall while the other two bays are provided v/ith fr/ime. 
Hence only shear wall and two bay frame systems are considered 
in the present .work. 

The interaction force coefficients can be applied to 
staggered frfune and shear wall frame systems without any loss 
of accuracy. If a building has shear walls with frames at a • 
limited number of intervals while at other intervals only 
frames are provided, the thicknesses of all the frames and 
the shear walls could he added respectively and then this 
modified shear wall frame system could be analysed, Ploor 
slab is rigid in plane of the floor, so each bay no matter 
whether a. shear wall is provided or not in that bay, will 
deform uniformly. If the shear walls are placed symmetrically 
along the length of a building and the building is not 
subjected to torsion, then these interaction force coeffi- 
cients are applicable without loss of any accuracy in the 
solution. In case of buildings subjected to torsion, these 
ooefficients are still good with torsional correction appliod 
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to the three dimensional frame system. 

6.9.3 Interaction Force Distribution 

An interaction force distribution pattern for various 
proportionu of column 8.nd shear wa.ll systems with any uniform 
variation in the moment of inertia of the columns is found to 
be consistent. A typical interaction force distribution with 
a uni-form variation in the moment of inertia of columns is 
shown in Fig, 5.7* This distribution pattern is very similar 
to those already reported in literature. There is a positive 
as well as negative interaction load on the frame. The negative 
interaction lateral force which occurs in the lo?/er floors is 
the resisting force while the positive interaction force in 
the upper floors is an additive load on the frame. The total 
interaction lateral force on frame may be divided into two 
parts? (a) Effective lateral force, (which is equal to the 
sum of the frame interaction forces) is positive. This 
indicates the frame shares the external load acting on the 
system, (b) The self balancing type of lateral force distri- 
bution generates a moment which compensates the moment caused 
by external load. (The positive interaction lateral force in 
the upper floors when combined with an equal and #(pposite inter- 
action force in the lower floors produces a compensating bending 
moment). This type of action has been reported in case of 
coupled shear walls also. However Fig. 5.8 indicates a devia- 
tion of the distribution pattern «f the interaction force 
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wnei). the moment of inertia of the oolumns is abruptly 
changed at floor levels . An average line drawn through this 
oscillatory type of behaviour of the interaction force, tends 
to thab of Pig, 5,74 Several examples with moment of inertia 
varying as a step function have indicated a similar oscilla.- 
tory type behaviour, However behaviour pattern of interaction 
forces using a modified nnifonm variation in the moment of 
inertia of columns by taking mean values of the moment of 
inertia of the columns at floor levels indicated o. normal 
behaviour. The nondiraensionalized computer programme of 
frame analysis has been tested for its accuracy with the help 
of a standard programme based on Kani's method. The results 
chocked V(/g11, The frame analysis has been found to be free of 
errors. However a sudden jump in the moment of inertia of 
colLunna at any floor level introduced sharp reversal in the 
interaction forces of the shear wall-frame interaction progra- 
mme, This may bo a move of numerical error in the programme 
than an actual behaviour. The design interaction force coeff- 
icients presented are therefore based on uniform variation 
in the moment of inertia of the columns. 
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